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ABSTRACT I

The goal of this study was to synthesize and characterize a set of coordination
complexes containing 6-cationic ligands. These compounds could be extremely useful
as catalysts for the polymerization of olefins that are widely used in the synthetic polymer
industry. The original strategy was to synthesize the 6-cationic ligands using (Ph2P)3CH
(1) and (Me2P)3CH (10) as precursors; however, both precursors 1 and 10 were found to
be highly reactive leading to the fragmentation products (Ph2P)2CH2 and (Me2P)2CH2
respectively. In trying to control the reactivity, precursor 1 was coordinated to the group
6B

metal

carbonyl

in

two

modes,

Mo(CO)3(C2H5CN)(Ph2P)2CHPPh2

and

W(CO)3(C2H5CN)(Ph2P)2CHPPh2. In these novel compounds, two of the three
phosphorus atoms are chelated to the metal. These complexes were isolated and

v

characterized by X-ray analysis, elemental analysis, NMR and infrared spectroscopy.
When these metal complexes were reacted with B(C6F5)3, the complexes were stabilized,
and no molecular fragmentation was observed. Instead, a second mode of coordination
was observed by

31

P{1H} NMR spectroscopy, where all three phosphorus atoms are

bonded to the metal in a tridentate fashion, yielding the novel product EtCNB(C6F5)3,
which was characterized by X-ray analysis. However, because there was no hydride
abstraction from the tertiary carbon in either compound, further studies will be required
to develop a strategy for hydride abstraction to produce a cationic ligand.
Another strategy for the synthesis of 6-cationic ligands was to directly
synthesize the halogenated version of the tertiary carbon atom of compound 10.
Fractional recrystallization of the crude product yielded two compounds of 2,4,6trimethypyridinium bromide and (PMe2)3CBr. (PMe2)3CBr was determined to be pure as
revealed by 31P{1H} NMR. It is expected that oxidation of the bromide should yield the
6-cationic ligand.
In the next strategy, density function theory calculations (DFT) were used to
predict the possibility that the 6-cationic ligand of guanidinium analog would coordinate
with a group 6B metal carbonyl. However, attempts to synthesize the predicted complex
were unsuccessful; when neodymium nitrate was reacted with the 6-cationic ligand of
guanidinium

salt,

a

completely

novel

diguanidinium

diaquapentakis(nitrato)neodymiate(III) was produced, as characterized by X-ray analysis,
NMR, elemental analysis, and infrared spectroscopy.

vi

In the next approach, the synthesis of the 6-cationic ligand of guanidinium
analog tripiperidine carbenium tetrafluoroborate was attempted; again the ligand could
not

be

obtained;

however,

other

novel

compounds,

1-tritylpiperidine

and

diphenyldipiperidin-1-ylmethane were obtained as indicated by single crystal X-ray
analysis.
The last strategy was to synthesize a 6-anionic phosphorus-based complex using
2,4,6-tri-tert-butylaniline and PI5. While the desired complex was not obtained, another
novel

compound,

2,4,6-tri-tert-butylbenzenaminium

iodide,

was

produced

and

characterized by single crystal X-ray analysis and 1H NMR.
In conclusion, new strategies that combine DFT with novel synthetic approaches
will be required to successfully produce coordination complexes containing 6-cationic
ligands.

vii

ABSTRACT II
The goal of this study was to assess effectiveness of using Calibrated Peer
Review (CPR) for submitting post-lab reports. According to the literature the use of CPR
could help improve students‟ writing skills (WS), conceptual understanding (CU) and
critical thinking (CT). The first strategy of this study was to divide all students into two
groups and required one group to use CPR for writing post-lab reports. The performances
of the post-lab between the two groups were then compared. In second strategy I used an
essay (pretest/posttest) to objectively assess students‟ writing skills that showed an
improvement of 19% from students‟ who used CPR and 11% from students‟ who did not
use CPR. When we compared the percentage of students who were not proficient in any
areas (WS, CU, or CT) between the pre- and post-test, the CPR group has more
improvement (22%) over the non-CPR group, which is 17%. Statistical analyses (t-test
and ANOVA) for pretest and posttest scores have also shown significant differences in
means and variances for CPR and non CPR students. In the third strategy we collected
feedback from students through survey questions regarding the usefulness of CPR from
their point of view. We have obtained low rating (2 on a five point Likert scale) about the
use of CPR for writing post-lab report from students.
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CHAPTER ONE
Introduction, literature review, and Statement of Research Problem
1.1.

Introduction
This chapter contains a literature review on the types of ligands and their bonding

modes. It also introduces the concepts of the carbenium ion, guanidinium ion, photolysis
and lanthanides. In the subsequent chapter, the „‟attempted syntheses‟‟ of 6-cationic
ligands [(PR2)3C],+ [(NH2)3C]+ and the 6-anionic ligand [P(=NR)3]- are described. In the
third chapter, the results and discussion are described together with conclusions, future
work and a summary of synthesized novel compounds (Appendix I).
A ligand is an atom, ion or molecule that donates one or more electrons through a
coordinate covalent bond to one or more central atoms or ions (these ligands act as Lewis
bases.)1 In general, ligands donate electron density to the electron-deficient central atom;
that is, the highest occupied molecular orbital (HOMO) of the ligand overlaps with the
lowest unoccupied molecular orbital (LUMO) of the central atom.1,2 Thus, the ligand acts
as a Lewis base by donating electron density (electron pairs) to a central atom that is
acting as a Lewis acid. Some ligand molecules are able to bind to a metal ion through
multiple sites because they have free lone electron pairs on more than one atom.1,2,3
Ligands that bind to more than one site are referred to as multi-hapto, and can be
chelating if they form more than one attachment to a single metal atom, thereby resulting
in ring formation. Beyond the classical definition of Lewis bases and anions, unsaturated
molecules can also be ligands, utilizing their -electrons to form coordinate bonds.1
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Table 1.0 contains examples of three types of ligands with two bonding modes.4-8
Table 1.0: Ligands and their bonding modes
Type
-bond

Cationic
NO+

Neutral
H2O
PR3
NR3
MeCN
CO
2,2-bipyridine

Anionic
Halides
PR2NR2-

-bond

NOT KNOWN

Benzene
olefin

Cp-

As shown in Table 1.0, -bonding cationic ligands have not been identified. The
main goal of the studies described in this dissertation was to develop a novel 6-electron
ligand synthesis using alternative ligands to the traditional cyclopentadienyl anions.
Group 4B Cp-containing metallocene catalysts Cp2MX2 (M = Ti, Zr, Hf; X= halide) have
been shown to exhibit catalytic olefin polymerization activity.9-12 However, the chemical
and physical properties of metallocene catalysts can be significantly modified by the
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substituents on cyclopentadienyl ring. Even one substituent is sufficient to introduce
novel features into the catalytic behavior of these complexes, including the reactivity as
well as the stability.13,14 We also anticipated that the successful development of these
compounds would reduce the cost for catalyst synthesis because conventional
metallocene catalysts require co-catalysts in order to be activated. This activation is
achieved

by

using

of

ammonium

tetraarylborates

or

large

excesses

of

methylaluminoxanes (MAO)15-20 (see Figure 1.0). Excess MAO probably induces the
formation of large counteranions, which increases the distance between the anion and the
catalytically active cation.21 The more “naked” the cationic catalyst, the more active it
will be towards alkene insertion.9 However, co-catalysts are generally expensive.
Methylaluminoxane, for example, is the most active, but its synthesis is complicated and
irreproducible, resulting in dramatic differences in catalytic performance.21-22 We
anticipated that the use of 6-cationic ligands would allow catalysts to be prepared in
fewer steps, and using lower oxidation state precursors than those currently found in
conventional metallocene catalysts.
Figure 1.0. Activated Metallocene Catalysts23

3

1.2.

Literature Review

1.2.1. Carbenium ion [(R2P)3C]+ and anionic ion [(R2C=)3P]- or [(RN=)3P]The coordination chemistry of neutral or anionic phosphorus compounds that
have three phosphorus atoms (R2P)3CH (R = Me, Ph) attached to the same carbon atom is
relatively new.24 The first syntheses of analogs of tris(diphenylphosphino)methane
(Ph2P)3CH was reported by Issleib et al.25 paving the way for use of these ligands in
various aspects of synthetic chemistry. Subsequently, additional analogs were
synthesized and characterized.26-32 In addition, coordination complexes with neutral
ligands, where phosphorus is bonded to the metal in a tridentate fashion, were
prepared.33,34 Anionic ligands that are obtained after removal of a methine proton to
generate [(R2P)3C]-, [R2P(S)]3C- anions, and which are potentially tridentate, i.e., anionic
tripod ligand, have also been documented.35-42 On the other hand, the removal of the
methine hydride to generate a carbenium ligand with 6-electrons, [(R2P)3C]+ (R = Me,
Ph), has not yet been reported. The effects of such ligands, when used as a substitute for
cyclopentadienyl in early transition metal complexes of group (4-6)B, are unknown.
Early transition metals such as group (4-6)B form the nucleus of the Ziegler-Natta family
of catalysts for olefin polymerization.43
Carbenium ions are usually very short lived, and most are present in solution only
as intermediates that are quickly converted to more stable molecules.44 However, longlived carbenium ions (trivalent carbocations) have been prepared and studied as stable
entities in solution,43,44 and, in a few cases, they persist even in solid state.43 In solution,
carbenium ions with the general formula [R3C]+ may be uncoordinated (this is more
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likely in polar solvents in which it is solvated) or they may exist as an ion pair, which
indicates a close associated with their gegenion(s).45 The carbon atom of the carbenium
ion assumes an sp2-state of hybridization and therefore it is planar.46
Some of the best known of these cationic species include alkylcarbenium ion,47,48
diphenylfluorocarbenium ion,49 bis(dialkylamido) phosphenium ions,50 phosphenium iron
tetracarbonyl complex ions,51 and nitrogen substituted carbenium ions like iminium
[R2NCR2]+, amidinium ion [(R2N)2CR]+

52-54

and triphenylcarbenium ion.55 However,

isolation and crystallization of carbocations as salts remain a challenging problem.
Recently the stabilization of chloro-substituted carbocations has been examined
experimentally by Olah56 (NMR spectroscopy) and Vancik and Sunk57 (IR spectroscopy)
and theoretically by Schaefer58 and Reynolds59 (ab initio calculations). Laube et al made
a comparison of theoretical predictions concerning the structure of carbocations with
experimental data obtained by X-ray analysis.60 The first -chloro-carbocation crystal
structure obtained by Laube‟s group (see Figure 1.1) and was followed tert-butyl cation
determined by same latter.60
Figure 1.1. The First Crystal Structure of Chloro-substituted Carbocation
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The majority of the carbenium ions known today were generated by using SbF5 as
a Lewis acid 61, or by superacids62 and concentrated sulfuric acid.55,63,64 In all cases
tertiary carbon is bonded to three other carbons [R3C]+, or two carbons and a nitrogen
[R2CNH2]+, or one carbon and two halides [RCX2]+. There is no single case where a
phosphorus based [(R2P)3C]+ has been studied using the above techniques to generate
such carbenium. Thus, in the next chapter I will present studies that attempted to
synthesize such carbenium ions using different approaches including Lewis acids and
hydride abstracting agent such as trityl(tetrakis)pentafluorophenylborate as shown in
Figure 1.2.
Figure 1.2. General Route for Cationic P Containing Species

The carbenium ions of the type [(R2P)3C]+ shown in Figure 1.2 with dialkyl or
diarylphosphine substituents have not been previously reported. Stabilization of
tricoordinated carbenium ion of this type is greatly enhanced by the -donation from nonbonding electron pairs residing on the phosphorus atoms at -position. 65,66
Carbenium ions with three-fold coordinated carbon centers are very useful for
synthetic chemists because upon combination with electron rich molecules they will form
a salt through metathesis reaction.60 Carbenium ions being highly reactive cationic
species can be stabilized by incorporation into the coordination sphere of transition metal
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complexes. Preparing carbenium ions with cationic 6-electron ligands rather than
conventional anionic 6-electron ligands afford the possibility to make unique metalligand combinations, particularly with early transition metals.67,68, These combinations
should form highly reactive cationic complexes (e.g. olefin polymerization catalysts) in
an entirely new way using metal complexes of lower oxidation state that could not be
used previously. From some previous studies, examples of cationic ligands that can
-bond to metals includes NO+ 69 and triazolium cation8 (see Table 1.1). On the other
hand, it is not clear how the 6-cationic ligands bond with the metal complexes.
1.2.2. Oxidation states of phosphorus
The simple hybridization scheme that is employed for carbon, nitrogen and
oxygen can also be useful in phosphorus chemistry, a point that was not at all evident
some time ago. Phosphorus can form a variety of compounds as a neutral species Po,
as a phosphonium P+ ion, or as phosphate P- ion.70 Pentavalent phosphorus compounds
generally have the coordination numbers of 4, 5, or 6.71 Compounds in which pentavalent
phosphorus is coordinated by three or fewer ligands have recently been synthesized.72
Examples of such systems, which are characterized by double or triple bonds, can exhibit
the structure types A,72-75 B,76 C,71 and D are shown in below.
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The central PC3 group in structure C is planar and the C-P-C angles are almost
identical.71 The three double-bonded C atoms that surround the central phosphorus atom
are in a propeller-like manner (sp2 hybridization).71 New ligand types C and D, which
have 6-electrons and which will be the focus of the studies in this dissertation, should be
a good substitute for 6-electron cyclopentadienyl ligands in early transition metal
spheres. Once C and D are synthesized, we plan to examine the interaction of these
ligands with metals to form cationic complex analogs of the homogeneous Ziegler-Natta
catalyst, [Cp2M-R].+ This should be favored as the active site consists of electrondeficient metal atoms.77 As well, these new 6-electron ligands will be used to replace
cyclopentadienyl in electron-deficient organolanthanide species Cp2MCH3 (M = Gd, Yb,
Lu), which are known to be excellent models for the active site of Ziegler-Natta
catalysts.78
1.2.3. Guanidinium cation
The guanidinium ion [(R2N)3C]+ is a well known „‟rock stable‟‟ cation that has
found wide spread use in synthetic chemistry.52-54 The properties of guanidine 1 and its
guanidinium cation 2 (see Figure 1.3) have attracted the interest of both theoretical and
synthetic chemists.79-80 Guanidine is among the strongest organic bases (pKa = 13.6)
known in chemistry.85 While guanidinium cation has three resonance structures that are
chemically equivalent, guanidine has three resonance structures that are not chemically
equivalent79 (see Figure 1.4). The resonance energy difference is estimated to be 6-8
kcal/mol, which significantly increases the strength of the base.79 Guanidine and its
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derivatives are biologically and industrially important chemicals.86 The biological activity
of guanidine, high basicity in aqueous solution, its particular thermodynamic stability and
applications in synthesis have been the subject of discussion for many years.87-91
Although fairly toxic by itself, guanidine derivatives have a number of applications in
chemotherapy.86,92 They have also demonstrated, anti-inflammatory, antibacterial,
antiviral and antifungal properties.93 Most of the biological properties of guanidine and
its derivatives are related to their strong basicity.
The guanidinium ion [C(NH2)3]+ is of biochemical interest. This is due to its role
as an essential fragment in a variety of larger biochemical compounds whose applications
are dependent upon the properties of the ion.94-99 Guanidinium cation has been shown to
bind a number of biochemically important anions,100 including nitrates, phosphates and
sulfates through both charge pairing interactions and hydrogen bonding. There are several
reasons why the guanidinium group binds so tightly to anions. First, a very high pKa
value of 12-13.6 allows it to remain protonated over a wide pH range.101 Furthermore, its
geometry allows it to align well with anionic species, and results in a highly stable
complex. The cationic ligand 2 Figure 1.3 is particularly interesting because of its high
symmetry, planarity, Y aromatic character, and because the three amino groups that it
contains can easily form inter-ionic hydrogen bonds with various proton acceptors.102 In
industry, guanidine is used as an electrolyte in batteries, photoelectrochemical cells,
electroplating and other wet electrochemical devices.103 Guanidine salts have been
employed as fertilizers, antioxidants for textiles, and as catalysts in chemical processes
(e.g. guanidium hydrochloride).87
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Figure 1.3. Schematic Representation of the Y-conjugated Molecules 1, 288

Figure 1.4. Resonance Structures for Guanidinium Cation and Guanidine80

The Y-shaped guanidinium compound 2 in Figure 1.3 is conjugated with a high
stability 6-electron system.90 The source of stability of the aminocarbocation is due to
the -donation of the nitrogen pair of electrons into an empty 2p()-orbital of the
adjacent carbon center.104 The stabilities of Y-conjugated compounds were analyzed by
Klein,105 and he concluded that favorable coulombic interactions rather than Yaromaticity are the main sources of stability. This was supported by theoretical studies
done by Schleyer et al.106 who found that the preference of Y-delocalized isomers is
caused by a more favorable  charge distribution. One of the main foci in my study is to
synthesize 6-cationic ligand of Y-shaped 2 analogs and to coordinate it with group 6B
metal carbonyl complexes. Such coordination has not been reported in literature despite
the fact that, such 6-cationic ligand has been known for a long time. Therefore; this will
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be an important step towards synthesis of novel catalysts.
1.2.4. Photolysis of transition metal carbonyl complexes
Photochemistry is the study of the physical processes or chemical changes that
occur in molecules upon absorption of ultraviolet-visible radiation.107 Chemical change is
not a requirement, however, fluorescence (light emitted from a species which has
absorbed radiation) and chemiluminescence (light emitted as a product of a chemical
reaction) can occur.108 Photochemical reactions are commonly used in the formation of
four-membered

rings

[2

+

2]

inter-and

intra

molecular

cycloaddition.109-112

Photochemical reactions have also been useful to obtain highly strained compounds
whose thermodynamic instability is not favorable under thermal reaction conditions.108
It is apparent that transition metal carbonyl complexes are among the most photoreactive chemical species. Metal carbonyl photoprocesses include electronic absorption
phenomena, luminescence, non-radioactive decay, energy transfer, and chemical
reaction.113 Metal carbonyl complexes are low-valent, and include d4, d5, d6, d7, d8, d9,
and d10 oxidation states. Our focus in the studies presented in this dissertation will be on
group 6B metal carbonyl complex derivatives, which are among the most well studied.113
The approach I will present is more hypothetically advantageous than a thermal approach
because a photo-chemical substitution route can be carried out at room temperature or
below, thereby avoiding the use of high temperatures that may lead to decomposition of
unstable ligands and complexes.108,114 In our synthesis, however, we will use a lamp with
a wavelength that ranges between 200 to 400 nm, a range used most often for inducing
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photolysis in the UV region.106
The bonding between CO and a metal is a combination of  and  bonding.112,113
Delocalization of -d electrons from the central metal into the * CO orbitals gives rise
to -back-bonding (see Figure 1.5), and overlap of vacant d orbitals of the metal and CO
lone pair electrons yielding a strong  donor interaction.115,116 The back-bonding from
filled metal d orbitals into the * CO orbitals result in partial cancellation of C to O
bonding.117 This results in the reduction of the bond order of CO and reduces the force
constant between C to O. Consequently, the bond between C and O can be stretched with
less energy. Another possible factor affecting the stretching frequency of the complexed
CO is that the more highly positively charged metal makes it more difficult to allow its d
orbital electrons to participate in back-bonding.117 This will result in less cancellation of
C to O bonding and more of the carbon-oxygen triple bond character. More triple
bonding character results in a higher CO stretching frequency.
It is believed that stronger -back-bonding with lower valent metals is the reason
that these metals have greater tendency to delocalize electron density into the ligand. Due
to a large degree of delocalization of the electrons from the central metal into the ligand,
these compounds are highly covalent.113 Electronic transitions involving these electrons
are the reason for the extreme photosensitivity of these compounds.113
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Figure 1.5. Bonding M-CO113

Metal carbonyl derivatives have been demonstrated to readily lose a carbonyl
ligand upon photolysis.108,113-117 Photolysis of metal carbonyl complexes involves ligand
exchange, and substitution dominates the excited state processes.113 The resulting
substitution products include those formed utilizing ligands that function as electron
donors118,119 and those produced through replacement of metal carbonyl groups. There is
a combination of factors that makes substituted complexes possible; this includes final
product stability and photolabilization of the CO at intermediate stages of substitution.113
The loss of CO to yield stable low-valent complexes requires an entering ligand capable
of stabilizing the low-valent metal complex.113 In the process of coordinating 6-cationic
guanidinium analog ligands through photolysis, we expect step wise loss of CO groups or
other weakly coordinated ligands to the metal complexes.120-126 It is assumed that the
guanidinium cation has a high propensity to accept any excess charge accumulated on the
metal atom; therefore, it can stabilize the low-valent metal complex. The presence of
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such a ligand will certainly weaken the M-CO bonds.113 This will result in loss of CO or
other weakly coordinated ligands to most likely yield an anticipated novel stable lowvalent cationic metal complex.
1.2.5. Lanthanides
The lanthanide or lanthanoid series in the periodic table consists of fifteen
elements including lanthanum. These elements have atomic numbers from 57 to 71
(lanthanum to lutetium).127,128 They are generally classified as lanthanides because the
lighter elements in the series are chemically similar to lanthanum.127 Strictly speaking
lanthanum is a group 3B element. Its electronic configuration is [Xe]5d 16s2 with three
electrons in the highest energy 5d and 6s orbitals.129,130 Therefore the ion La3+ has no f
electrons, which is the case for the rest of the fourteen elements.
The generally accepted electronic configuration of lanthanide elements, with
minor exceptions, is [Xe]4fn5d06s2.126,130 The chemistry of lanthanides differs from both
main group and transition metals due to the nature of 4f orbitals. These orbitals are
towards the inside of the atom and are shielded from the atom‟s environment by 4d and
5d electrons. The sum of the first three ionization enthalpies of lanthanides is relatively
low, so that the elements are highly positive.127,130,133 They readily form 3+ ions in solids,
in aqueous solution ion and in complexes with other species.127,131 Oxidation state 3+ is
the most dominant state due to the stabilizing effects exerted on different orbitals by
increasing ionic charge. In a few cases, oxidation states of 2+ and 4+ can be obtained. For
example, it has been observed that Eu2+ is formed when Eu3+ gains an electron to form an
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f7 configuration, which has extra stability of a half-filled shell. Ce4+ is formed when Ce3+
loses its single f electron to obtain the electronic configuration of xenon.128 Both Eu2+ and
Ce4+ are stable in water and they are strong oxidizing and reducing agents
respectively.129,131 In addition, Ln2+ ions (Ln = Nd, Eu, Dy, Tm, Yb) and Ln4+ ions (Ln =
Pr, Tb) are also formed in the solid state, but these are unstable in water.127,129,130,131
Lanthanides are silvery in appearance and become dull or discolored when
exposed to air due to the formation of their oxides. The lower atomic number lanthanide
elements are rather soft, but increase in hardness across the series. Also, their
conductivities are appreciably lower than those of other close-packed metals.131 The ionic
radii of lanthanides decrease across the period, due to a phenomenon called lanthanide
contraction, which is due to the imperfect shielding of the 4f electron by another 4f
electron.131 The directional characteristics of the 4f orbitals cause the 4f n electrons to
shield themselves and other electrons from the nuclear charge imperfectly.131 As the
nuclear charge and 4f electron population increases; the imperfect shielding occurs due to
The lanthanides coordination number 6 for Lnx+ ion is rare; instead larger coordination
numbers 7-12 are common.133-135 This is possibly due to the space available around these
larger cations. The coordination modes of the lanthanides with the 6-cationic ligands of
guanidinium analogs are the subject of the studies presented in this dissertation.
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1.3.

Preliminary studies

1.3.1. DFT calculations of [(R2P)3C]+
To gain more insight into how the 6-cationic ligand coordinates with transition
metal complexes, our group undertook a theoretical study using density functional theory
(DFT) calculations on the model reactions showed in Figure 1.6, Figure 1.7 and Figure
1.8. We hoped that the knowledge gained from these would be helpful in a rational
design of new catalysts.
All DFT calculations were done by Richard, M a corworker136 of Sandia National
Laboratory. He performed the calculations using the B3LYP density function,137 that
combines the Becke GGA exchange function138 with some exact exchange and the GGA
correlation function to describe the species.139 He used a valence double zeta plus
polarization basis set to describe the electronic degrees of freedom.136 He also used small
core effective core potentials for the transition metal atom‟s core electrons.140
Initial calculations B3LYP density function level was done on [(R2P)3C]+ (R =
Me) revealed a planar central C atom. Figure 1.6 shows that the geometry of the
optimized structure has a planar C atom, with pseudo-tetrahedral P atoms. The
calculations were made for cationic ligand [(R2P)3C]+ mixed with Cr(CO)3 to form
{[(R2P)3C]Cr(CO)3}+ as a model complex.
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Figure 1.6. Geometry-Optimized Structure for [(R2P)3C]+

Figure 1.7 shows the geometry-optimized structure of {[(R2P)3C]Cr(CO)3}+ (A) and a
neutral complex {[(R2P)3CH]Cr(CO)3} (B). Interestingly, net bonding interactions
between the [(R2P)3C]+ ligand and the Cr(CO)3 fragment in A are observed. This signifies
that 6-cationic ligand should bind to a metal fragment. Distinctive changes in geometry
around the core P3C-Cr portion of molecule A can be observed. While the calculated PC-P bond angle in A is 111o on the other hand in B it is 93.4o. The bond angle in cationic
complex A has flattened from planarity (120o) by approximately 10o. Further, P-C bond
length has shortened from 1.90 Å of neutral complex B to 1.82 Å of the cationic complex
A.
Figure 1.7. Geometry-Optimized Structure of A and B
{[(R2P)3C]Cr(CO)3}+ (A)

{[(R2P)3CH]Cr(CO)3} (B)
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1.3.2. DFT calculations of [(H2N)3C]+
With the above concepts in mind and in an effort to better understanding those
empirical contributions that lead to electron rich species to bind to the guanidinium
cation, we undertook theoretical calculations of how 6-cationic ligand coordinates with
group 6B metal carbonyl complexes for example, Cr(CO)3. It is true that, such types of
metal complexes are not electron rich, as is the case for NO3- or SO42- but, they are not
electron poor either. Theoretical calculations done on mixing Cr(CO)3 and guanidinium
ion,136 revealed the following in Figure 1.8. The calculations show the geometry of the
{[(H2N)3C]Cr(CO)3}+ (C) analog to contain a planar sp2 central carbon atom, binding to
the metal in three-fold symmetrical -bonding when compared with di-hepto -bonding
seen in the parent {[(H2N)3CH]Cr(CO)3} complex (D) Figure 1.8. Theoretical study
following by structure shown such possibility of 6-cationic ligand to coordinate with a
group 6B metal carbonyl is a good sign towards our target in the next chapter.
Figure 1.8. Comparison of Coordinated Guanidinium Cationic and Neutral Guanidine
to Cr(CO)3
{[(H2N)3C]Cr(CO)3}+ (C)

{[(H2N)3CH]Cr(CO)3} (D)
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1.4.

Statement of research problem

Traditional 6-electron ligands like cyclopenatadienyl and its derivatives have been used
for synthetic chemistry for many years. Yet, there exists opportunities to prepare new
ligands with new chemical properties. We will synthesize and characterize metal
complexes of two new ligand types-anionic 6-electron ligands that are more similar to
cyclopentadienyl anion, and 6-cationic ligands, which should lead to novel routes to
new organometallic species. The key questions that I wished to explore are the following:
1. Can we abstract hydrogen in form of hydride (H-) instead of proton (H+) from
(R2P)3CH (R = Me, Ph) to form 6-cationic ligands?
2. Can a synthesized cationic 6-electron ligand work as a substitute for
cyclopentadienyl anion?
3. Will 6-cationic ligands bond with group 6B metal complexes in a unique way?
1.5.

Hypothesis

The 6-electron cationic ligand will form unique complexes with early transition metals
and will be useful as a catalyst for a wide variety of applications in synthetic chemistry.
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CHAPTER TWO
Materials, Methods, and Protocols
2.1.

Reagents
Analytical reagent (AR) grade aniline, MeI, Me2PCl, (Me2P)2CH2, PCl5, and

guanidinium carbonate were supplied by Alfa Aesa Johnson Metthey Company. AR
tricarbonyl(1,2,3,4-tetrahydronaphthalene)chromium(0), tricarbonyl(cycloheptatriene)
chromium (0), tricarbonyl(mesitylene)tungsten(0), CD3Cl, C6D6, tetramethylenediamine
(TMEDA), Br2, HBF4, [(C2H5)2N]3P, Me3SiCl, SbF5, TaF5, and benzoyl peroxide were
supplied by Aldrich Chemicals. AR grade [Ph3C]+[B(C6F5)4]-, THF-d8, DMSO,
CD3COCD3 and tricarbonylcycloheptatrienemolybdenum(0) were supplied by Acros
Organics Fisher Scientific. AR grade 2,4,6-tri-tert-butylaniline, AgOTf, B(C6F5)3,
Cr(CO)6, Mo(CO)6, PCl3, Ph2PCl, (Ph2P)2CH2, Nd(NO3)3.6H2O, Tb(NO3)3.5H2O, YbCl3,
Yb(NO3)3.5H2O and W(CO)6 were supplied by Strem Chemicals.
2.2.

Physical measurements and instrumentation
Infrared spectra were obtained on a Nicolet 6700 FT-IR. 1H NMR spectra (and

proton decoupled phosphorus-31), as well as decoupled

13

C NMR and decoupled

11

B

NMR spectra were obtained on an AC-250 MHz, 101.3, 62.9, and 80.2 MHz
respectively. 1H and

13

C chemical shifts are referenced to external tetramethylsilane (

0.0), and phosphorus chemical shifts are referenced to external 85% H3PO4 ( 0.0). All
NMR spectra were obtained at ambient probe temperature (Ca. 298 K).
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Elemental analyses were performed by Columbia Analytical Services. X-ray analyses
were performed on a X 8 APEX II. Mass spectra were carried out on a LCT Premier
Electrospray mass spectrometer in the positive mode. Photolysis was carried out by a
Pen-Ray Mercury Lamp 90-0012-01, (Model 11SC-1) with current of 18 mA AC.
2.3.

General procedures for synthesis
All operations were carried out under an argon atmosphere using standard

Schlenk techniques, or in a vacuum atmosphere dry box. All solvents were appropriately
dried and some were distilled before use and stored under argon. Solvents for NMR were
also dried prior to use and stored under argon.
Phosphine-based ligands play a predominant role in transition metal coordination
chemistry.1 In this chapter I will focus on the description for the preparation of analogs of
6-electron cyclopentadienyl ligand with structures below, cationic [(R2P)3C]+ and
anionic [(RN=)3P]- (R = Me, Ph). The goal was to study their impact on coordination
chemistry to group 6B transition metal carbonyl complexes. In addition, studies of the
coordination of a known 6-cationic ligand of guanidinium2 analog [(H2N)3C]+ with
group 6B transition metal carbonyl complexes and lanthanides will be described. Finally,
studies on the coordination of neutral tris(diphenylphosphino)methane with group 6B
metal carbonyl complexes as well as the reaction of complex formed with Lewis acid,
tris(pentafluorophenyl)borane {B(C6F5)3}, will be described, which includes the
attempted synthesis of 6-cationic ligand of guanidinium analog tripiperidine carbenium

30

tetrafluoroborate.
2.4.

Description of synthetic schemes

2.4.1. Synthesis of tris(diphenylphosphino) methane (compound 1)

The synthesis of precursor 1 has been reported.3,4 A (0.80 mL, 5.3 mmol) sample
of tetramethylenediamine (TMEDA) was mixed with 2 mL of dry toluene and this
solution was added dropwise over a period of 15 minutes to 2.50 M nBu-Li in hexane
solution (2.20 mL, 5.30 mmol) in a 50 mL flask with a magnetic stirrer. This resulted in
an orange-red solution of nBuLi(TMEDA). Bis(diphenyphosphono)methane powder
(2.00 g, 5.30 mmol) was added to the nBuLi(TMEDA) in several aliquots, and the
mixture was stirred vigorously for 1h at room temperature in the dry box. The salt of
(Ph2P)2CH-(LiTMEDA)+ precipitated as pale yellow crystals, and was filtered, washed
with dry hexane (2 x 10 mL) and dried in vacuo to yield 2.00 g of dry solid material (2.00
g, 4.00 mmol).
The resulting (Ph2P) 2CH-(LiTMEDA)+ salt was dissolved in 7 mL of dry-distilled
tetrahydrofuran (THF) and added to a 50 mL flask over a magnetic stirrer. This mixture
was treated with Ph2PCl (1.00 mL, 5.30 mmol) diluted in 1 mL of THF in a dropwise
fashion under argon for 1h. The mixture was stirred for 3h. The resultant pale yellow
solution was evaporated under vacuo to dryness, yielding a pale yellow solid.
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The dry pale yellow solid was treated with 16 mL of toluene and the resultant solution
filtered through celite contained in a sintered frit. The clear yellow filtrate was collected
and concentrated in vacuo to almost half of the original volume and left to stand for 12h
in a freezer, which yielded colorless crystals of (Ph2P)3CH. The crystals were captured by
filtration and washed with 2 mL of cold toluene and several times with hexane (4 x 3
mL), and then dried in vacuo for 12h. The washings were collected and additional
crystals were recovered by repeating the filtration procedure, producing a further crop of
crystals. This procedure yielded 1.2 g with a 53% yield, mp = 176-178 oC. The 1H NMR
spectrum (250 MHz, CDCl3, 298K, ppm): δ = 4.1 (s, 1H, CH); 7.10-7.40 (m, 30H Ar-H).
The 31P{1H} NMR spectrum (101.3 MHz, CDCl, 298 K, ppm): δ = -8.2 (s) with H3PO4
as a reference. The

13

C{1H} NMR spectrum (62.9 MHz, CDCl, 298 K, ppm): δ = 24.2-

26.6 (q, 2JP-C = 48.00 Hz), 134.9 (d, J = 1.70 Hz), 135.1 (d, J = 1.76 Hz), 135.3 (d, J =
1.50 Hz), and 137.4 (dt, J = 4.60 Hz).

2.4.2. Synthesis of 6-cationic ligand using precursor 1
Scheme 1. Attempted synthesis of 2

A sample of compound 1 (0.10 g, 0.18 mmol) was added to a 100 mL flask with a
magnetic stirrer, then followed by of B(C6F5)3 (0.10 g, 0.18 mmol), and the mixture was
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dissolved in 7 mL of benzene-d6. The mixture was stirred at room temperature inside the
dry box. From the mixture, an aliquot was removed for NMR spectroscopy analysis every
12h. After 145h, NMR analysis showed the formation of Ph2PCH2PPh2 (compound 3)
with a 31P{1H} NMR spectrum at -21.8 (ppm) (s) and „‟unidentified‟‟ compound at 37.4
(ppm) (s). Phosphorus-hydrogen coupled NMR spectrum showed two peaks: -21.8 (ppm)
(s), and 37.4 (ppm) (d, 1JP-H = 518.7 Hz). These two compounds were separated by
column chromatography using 100% dichloromethane as the eluent to separate 3. The
unidentified compound, which seemed to be slightly polar, was further separated using an
eluent of a 2.5% MeOH and 97.5% DCM mixture. After recrystallization of 3, singlecrystal X-ray analysis revealed the structure shown in Figure 2.1. The NMR analysis for
the unknown showed a 1H NMR spectrum 250 MHz, CDCl3, 298 K, ppm): δ = 4.3 (s,
1H, CH) and 6.8-8.7 (m, 30H, Ar-H). The

31

P{1H} NMR spectrum for pure compound

(101.3 MHz, C6D6, 298 K, ppm): δ = 17.8 (s) and the

31

P hydrogen-coupled NMR

spectrum showed peaks at 17.8 (d, 1JP-H = 474 Hz) relative to H3PO4 as reference.
11

B{1H} NMR spectrum (80.2 MHz, C6C6, 298 K, ppm): δ = -2.7 (s) for coordinated

{HB(C6F5)3}- and a single peak which is 50.2 (s) for uncoordinated B(C6F5)3.
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Figure 2.1. Molecular Structure of (Ph2P)2CH2( 3), Showing the Numbering Scheme.
Hydrogen Atoms are Omitted for Clarity

Scheme 2. Attempted synthesis of 4

A sample of 1 (0.05 g, 0.09 mmol) was dissolved in 4 mL of benzene-d6 and
added to a 50 mL flask with a magnetic stirrer in the dry box and B(C6F5)3 (0.02 g, 0.09
mmol) dissolved in 6 mL of benzene-d6 was added dropwise. After stirring for 2h, no
color change observed. The mixture was refluxed for 1h and left stirring overnight. The
following day solvent was evaporated under vacuo for 12h. NMR of dry crude product of
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the mixture showed a 31P{1H} NMR (101.3 MHz, C6D6, 298 K, ppm): δ = -8.9 (s) for the
starting material compound 1 and 9.4 (t, 2Jp-p = 43.3 Hz) and 15.4 δ (ppm): (d, 2Jp-p = 43.0
Hz) for 4* in Scheme 2.
Scheme 3. Attempted synthesis of 5

Antimony pentafluoride or tantalum pentafluoride (0.06 mL, 0.88 mmol) was
added to a 25 mL flask with a magnetic stirrer in the dry box. The flask was cooled in an
ice bath to keep the antimony pentafluoride just above its freezing point 5-7 oC with
stirring under argon. Compound 1 (0.10 g, 0.18 mmol) was dissolved in deuterated
benzene and was added to the cold antimony solution in a dropwise manner for 15
minutes using a syringe. Upon addition of 1 to the cold antimony solution while stirring
under argon, the solution changed from colorless to a black/brown mixture containing a
31

1

sticky solid. After solvent evaporation, NMR of the product with SbF5 showed a P{ H}
NMR

spectrum

(101.3

MHz,

DMSO,

298

K,

ppm):

δ

= -9.8

(s),

for

bis(diphenylphosphino)methane (compound 3), at -22.9 (s), and 25.2 (s) for the other
unknown compound, which was not characterized.
When TaF5 was used in the reaction instead of SbF5, the 31P{1H} NMR spectrum
(101.3 MHz, DMSO, 298 K, ppm): δ = 46.7 (s), 36.7 (s), 29.2 (s), 25.4 (s) and 19.8 (s)
for un identified product mixtures, and -9.8 (s) for a starting material.
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2.4.3. Synthesis of lithium salt using precursor 1
Scheme 4. Attempted synthesis of 6

Compound 1 (0.20 g, 0.35 mmol) was dissolved in 7 mL of dry toluene and added
to a 25 mL flask with a magnetic stir bar in the dry box and stirred for 5 minutes. To this
mixture, 0.10 mL of hexamethylphosphorustriamide (HMPT) was added drop-wise by a
syringe for 5 minutes. The mixture was placed in a cold bath at -78 oC under argon and
stirred for 10 minutes. Thereafter, 1.70 M tBuLi (0.30 g, 0.50 mmol) in pentane was
added to the cold mixture by syringe over 5 minutes. The mixture turned from colorless
to yellow, and it was left to warm to room temperature for 30 minutes.

31

P{1H} NMR

analysis of the mixture revealed the presence of starting material. Thereafter the mixture
was refluxed for 1h, and the solution remained yellow throughout the reflux period. The
yellow solution was left to cool to room temperature while stirring overnight. The
following day the solvent was evaporated under vacuo for 8h.

31

P{1H} NMR of the dry

solid revealed a peak at -21.8 (ppm) (s) which should be compound 3 and - 9.0 (ppm) (s),
which is for the starting material. The ratio of the peak intensity was 2:1 (see Figure 2.2).
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Figure 2.2. 31P NMR for the Product of Lithiation of Precursor 1

2.4.4. Synthesis of the brominated form of precursor 1
Scheme 5. Attempted synthesis of 7

NBS (0.12 g, 0.67 mmol) was dissolved in 4 mL of carbon tetrachloride in a 25
mL flask with a magnetic stirrer in a dry box. Compound 1 (0.12 g, 0.22 mmol) was
dissolved in 2 mL of dry benzene followed by the addition of 0.02 g of
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dibenzoylperoxide as a radical initiator. The flask containing the mixture of compound 1
and NBS was attached to a reflux condenser, then exposed to a flashlight and refluxed for
3.5h. After cooling to room temperature, the brown mixture was filtered through a celite
pad in a fritted glass filter, which left behind a black residue. The filtrate was evaporated
under vacuo for 6h. The crude brown solid was insoluble in most non-polar solvents
except for CH3CN and DMSO. The sample was impure based on NMR. 1H NMR
spectrum (250 MHz, DMSO, 298 K, ppm): δ = 2.57 (s) (s, succinimide) and 7.36-7.77
(m, Ar-H).
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P{1H} NMR spectrum (101.3 MHz, DMSO, 298 K, ppm): δ = 25 (s), and

39.4 (s) with a 3:1 peak intensity ratio. From recrystallization of crude product in
CH3CN, the first peak was shown to be diphenylphosphinic acid (compound 8) by single
crystal X-ray analysis (see Figure 2.3 and a summary for the hydrogen bonding distances
and bond angles in Table 2.1). The second peak 39.4 (ppm) (s) in the mixture remained
in mother liquor of the recrystallization process and was not further characterized.
Figure 2.3. Molecular Structure of Ph2POOH (8) and its Hydrogen Bonding
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Table 2.1: Hydrogen bonds [Å] and angles [°] for 8
D-H...A

d(D-H)

d(H...A)

d(D...A)

<(DHA)

O(1)-H(1O)...O(2)#1

0.88(3)

1.60(3)

2.4776(12)

173(2)

Symmetry transformations used to generate equivalent atoms:
#1 -x+1,y+1/2,-z+1/2
Scheme 6. Attempted synthesis of 7 without reflux

NBS (0.14 g, 0.78 mmol) was dissolved in 10 mL of carbon tetrachloride and
added to a 25 mL flask with a magnetic stirrer in the dry box. Compound 1 (0.15 g, 0.26
mmol) was dissolved in 5 mL of dry benzene, followed by addition of 0.02 g of
dibenzoyl peroxide as a radical initiator. The mixture while stirring under argon remained
colorless, but slowly started changing in color from colorless to yellow upon exposure to
a flashlight. After 12h of stirring, the color changed from faint yellow to brown/black
with some black solids suspended on the sides of the flask. The brown/black mixture was
filtered through a celite pad in a fritted glass filter, leaving behind a black precipitate on
top of celite. A small amount of filtrate was collected. Both the black residue and the
filtrate were dried under vacuo for 8h. The NMR spectrum of the black residue and the
residue from the filtrate were found to have similar peaks. The
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P{1H} spectrum of the

black celite residue (101.3 MHz, DMSO, 298 K, ppm): δ = 4.5 δ (d, J = 13 Hz), 32.5 (d, J
= 41.5 Hz) and 33.4 (s). The ratio of the two doublet peaks was 3:1. The filtrate
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P{1H} NMR spectrum (101.3 MHz, DMSO, 298 K, ppm): δ = 25.0 (s), 29.0 (s), and

24.5 (d, J = 13 Hz). The singlet peaks showed an intensity ratio of 1:2. The first singlet
showed the exact the same chemical shift as compound 8 derived from Scheme 5.
2.4.5. Synthesis of tris(dimethylphosphino)methane precursor (compound 10)

The synthesis of precursor 10 has been previously reported.5 An aliquot (4.8 mL,
11.80 mmol) of 2.50 M nBuLi in a hexane solution was added to a 100 mL round bottom
flask. 1 mL of dry pentane was added to the flask with a magnetic stirrer in an argon
atmosphere. A solution of bis(dimethylphosphino)methane (1.8 mL, 11.80 mmol) was
then added dropwise from syringe over a period of 10 minutes at room temperature,
during which the solution changed from colorless to a milky white precipitate. The
reaction mixture was kept stirring for 3h. Thereafter, the solvent evaporated under vacuo
for 12h, yielding compound 9. This procedure yielded 1.1 g, 68% yield, mp > 200 oC.
The 31P{1H} NMR spectrum (101.3 MHz, THF-d8, 298 K, ppm): δ = -45.3 (s).

To obtain compound 10, compound 9 (1.48 g, 10.40 mmol) was dissolved in 30
mL of diethyl ether and placed in a 100 mL round bottom flask with a magnetic stirrer
and cooled to -78 oC (acetone ice bath). While stirring under an argon atmosphere,
dimethylchlorophosphine (1.00 g, 10.40 mmol) was added dropwise by syringe over a
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period of 30 minutes. After 1h of stirring, the reaction was allowed to come to room
temperature, and the solvent was evaporated. The dry residue was dissolved in 59 mL of
pentane and filtered with fine fritted glass filter. The filtrate was evaporated under vacuo
for 24h, and the faint yellow crystal residue was slowly sublimated in an evacuated
apparatus by gradually reducing the temperature, yielding compound 10 (1.00 g, 49%
yield). The colorless crystals had an mp = 45-47 oC. The 1H NMR spectrum (250 MHz,
C6D6, 298 K, ppm): δ = 0.59 (q, 2J(PCH) = 1.50 Hz) and 1.14 (“t”, J(PCH3) = 2.00 Hz). The
31

P{1H} NMR spectrum (101.3 MHz, C6D6, 298 K, ppm): δ = -48.0 (s) with H3PO4 as a

reference. The 13C{1H} NMR spectrum (62.9 MHz, C6D6, 298 K, ppm): δ = 13.2 (sep. J
= 47.25 Hz, PCH3) and 33.3 (q, 1JP-C = 41.20 Hz). The 13C{1H} NMR spectrum from the
literature δ = 13.2 („‟sep‟‟ (AA2‟X) N = 45.9 Hz (distance between outer lines), PCH3)
and 33.3 (q, 1JP-C = 39.0 Hz).The literature spectrum did not include the spectrometer
frequency used.

41

2.4.6. Synthesis of precursor 11
Scheme 7. Attempted synthesis of 11

Compound 10 (0.01 g, 0.03 mmol) was dissolved in 4 mL of dry C6D6 and was
added to a 50 mL flask with a magnetic stirrer in the dry box. Trityl tetrakis
pentafluorophenyl borate (0.03 g, 0.03 mmol) was added to compound 10, causing the
mixture to turn from colorless to orange. After stirring overnight in the dry box, the
mixture was analyzed by

31

P{1H} NMR and shown to be unreacted. The mixture was

then refluxed for 1h and the 31P{1H} NMR spectrum (101.3 MHz, C6D6, 298 K, ppm): δ
= -48.0 (s) and -55.0 (s) with a 5:1 ratio of intensities. These peaks corresponded to
compound 10 and PMe2CH2PMe2 (compound 12) respectively. This reaction was
allowed to continue 10 days while monitored by NMR every 12 h. The

31

P{1H} NMR

spectrum on the tenth day revealed two peaks: -48.0 (ppm) (s) and -55.2 (ppm) (s) with a
ratio of peak intensities of 2:1 (Figure 2.4).
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Figure 2.4. 31P NMR for the Product of (PMe2)3CH (10) Reacted With Lewis Acid

2.4.7. Synthesis of precursor 13
Scheme 8. Attempted Synthesis of 13

SbF5 (0.09 mL, 1.28 mmol) was added to a 25 mL flask with a magnetic stirrer in
the dry box. While stirring under argon, the mixture was cooled in an ice bath to keep the
SbF5 just above its freezing point of 5-7 oC. Compound 10 (0.05 g, 0.26 mmol) was
dissolved in 2 mL of dichloromethane and added dropwise to the SbF5 by syringe. The
reaction yielded a colorless to a white/brown sticky solid, and was allowed to proceed
43

under argon overnight. The following day, the solvent was evaporated under vacuo for
6h. The

31

P{1H} NMR spectrum (101.3 MHz, DMSO, 298 K, ppm): δ = 74.2 (s), 64.5

(s), and 42.4 (s). The 42.4 (s) peak was three times more intense than the other peaks.
2.4.8. Synthesis of lithium tris(dimethylphosphino)methanide (compound 14)

The synthesis of precursor 14 has been previously reported.6 Compound 10 (0.20
g, 1.02 mmol) was added to a 50 mL flask with a magnetic stirrer in the dry box. Pentane
(5 mL) was added while stirring to dissolve the solid. tBuLi (1 mL, 2.04 mmol) was
added by syringe over a period of 20 minutes. The colorless solution became turbid as the
reaction proceeded, forming a white precipitate. The mixture was left stirring under argon
for 3h. The precipitate was filtered and washed with dry diethyl ether. The product,
compound 14, was dried under vacuo for 7h. This procedure yielded a white solid 0.14 g,
67% mp > 200 oC. The 31P{1H} NMR spectrum (101.3 MHz, THF-d8, 298 K, ppm): δ = 26.6 (s) with H3PO4 as a reference. The elemental analysis of compound 14 is shown
below (in Table 2.2).
Table 2.2: Elemental analysis for (Me2P)3C-Li+ (compound 14)
Atom
Calculated
Found

C
41.60
41.15
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H
8.98
8.44

2.4.9. Synthesis of compound 16
Scheme 9. Attempted synthesis of 16

Compound 14 (0.18 g, 0.89 mmol) was added to a 50 mL flask with a magnetic
stirrer in the dry box and was dissolved in 8 mL of THF. The flask was transferred to a
cold bath at -110 to -120 oC. After stirring the mixture under argon for 30 minutes, a
bromine (0.05 mL, 0.89 mmol) dissolved in 3 mL of THF was slowly added by syringe
and the reaction mixture was left stirring for 5h while warming to room temperature.
The solution was filtered and the pink filtrate was collected and dried under vacuo for
12h. The pink solid was dissolved in DMSO. The 1P{1H} NMR spectrum (101.3 MHz,
DMSO, 298 K, ppm): δ = 60.4 (s) 41.7, 38.1 (s), 33.5 (s), 32.5 (s) and -48.0 (s) with
H3PO4 at the reference. The -48.0 (s) is the starting material, compound 10, and has 50%
greater intensity than the other peaks.
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2.4.10. Synthesis of bis(sym-collidine)bromonium triflate (compound 17)
Scheme 10. Attemped synthesis of compound 17

The synthesis of precursor 17 has been previously reported.7 Silver triflate (1.41
g, 5.48 mmol) was dissolved in 20 mL of dry dichloromethane and added to a 100 mL
flask with a magnetic stirrer in the dry box. 2,4,6-collidine (1.45 mL, 10.97 mmol) was
added to the flask, and a clear solution is formed. Bromine (0.88 g, 5.47 mmol) in 5 mL
of dry dichloromethane was added to this mixture and stirred under argon. After 10
minutes, a yellow precipitate formed and was removed by filtration through a celite pad.
The filtrate was partially evaporated by an argon stream and 2 mL of dry hexane was
added with stirring. The reaction formed white crystals, which were filtered and washed
with dry hexane. The white crystalline solid was dried under vacuo for 2h. The dry solid
was recrystallized from a dichloromethane/hexane solvent system and the flask was
placed in the freezer overnight. The following day, the solvent was cannulated and the
crystals dried for 3h. This procedure yielded 1.58 g, of a white crystalline product 61%,
mp = 108-110 oC. 1H NMR spectrum (250 MHz, CD2Cl2, 298 K, ppm): δ = 2.43

46

(s, 6H, CH3), 2.82 (s), 2.82 (s, 6H, 2CH3), and 7.21 (s, 2H, Ar-H). The

13

C{1H} NMR

spectrum (62.9 MHz, CD2Cl2, 298 K, ppm): δ = 21.7 (s), 25.7 (s), 126.5 (s), 155.0 (s),
and 156.8 (s).
2.4.11. Synthesis of halogenated compound 15
Scheme 11. Attempted synthesis of 15

Compound 14 (0.02 g, 0.11 mmol) was dissolved in 5 mL of dry THF and placed
to a 50 mL flask with a magnetic stirrer in the dry box. Compound 17 (0.02 g, 0.11
mmol) was dissolved in 5mL of dry dichloromethane and added dropwise to the reaction
by syringe at -78 oC over a period of 10 minutes. The reaction mixture was left to stir
under a cold bath for 5h, and then allowed to warm to room temperature for 30 minutes.
The mixture was filtered with sintered fine filter by gravity inside the dry box. Both
filtrate and gelatinous precipitates were collected. The filtrate as well as the gelatinous
precipitate was evaporated under vacuo for four days to ensure that the 2,4,6-collidine
(compound 18) was removed due to its very high boiling point (bp = 172 oC). The 1H
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NMR of crude dry solid obtained after vacuum evaporation revealed peaks, which
include compound 17 as well as an unknown compound. 31P{1H} NMR spectrum (101.3
MHz, DMSO, 298 K, ppm): δ = 39.0 (s) and 21.6 (s) with a 7:1 peak intensity ratio with
H3PO4 as a reference. Recrystallization of the crude product was carried out in a mixture
of

solvent

systems:

THF/CH3CN,

CH3CN/Et2O,

CH3CN/CH2Cl2

and

THF/CH3CN/CH2Cl2 and petroleum ether. Only the latter solvent system combination
resulted in crystals, but only after more than five weeks. Single crystal X-ray analysis
confirmed the compound to be 2,4,6-trimethylpyridinium bromide (19) in Scheme 11,
which was previously reported. The crystal structure (see Figure 2.5 below) is shown
with both disordered and non-disorded appearances. A summary of selected bond lengths
is shown in Table 2.3, and the hydrogen bonds are described in Table 2.4.
Figure 2.5. Molecular Structure of 2,4,6-trimethylpyridinium bromide Showing the
Numbering Scheme Structure 19
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Table 2.3: Bond lengths [Å] and angles [°] for 19
N(1)-C(2)

1.368(4)

C(2)-C(3)

1.519(11)

C(3)-H(3A)

0.9605

C(3)-H(3B)

0.9598

C(3)-H(3C)

0.9598

C(2)-C(3)-H(3C)

111.7

H(3A)-C(3)-H(3C)

107.1

H(3B)-C(3)-H(3C)

107.7

Table 2.4: Hydrogen bonds [Å] and angle [°] for 19
D-H...A

d(D-H)

d(H...A)

d(D...A)

<(DHA)

C(1)-H(1)...Br(1)#4

0.95

2.67

3.618(7)

180.0

Symmetry transformations used to generate equivalent atoms:
#1 -y,x-y,z #2 -x+y,-x,z #3 -x+y,y,z #4 x-1,y,z

The mother liquor from which the crystals of compound 19 were derived,
contained a number of impurities, including the starting material, compound 17 and
compound 19. A second recrystallization did not produce a pure product. The filtrate was
left in the freezer in a vial to form crystals for about two months. This mixture in the vial
resulted in a white precipitate that was isolated by filtration over celite. The filtrate was
concentrated and allowed to evaporate slowly in the dry box. White crystalline needles
formed producing 48 mg of product (mp = 180-182 oC). The

31

P {1H} NMR spectrum

(101.3 MHz, CD3CN, 298 K, ppm): δ = 38.5 (s) with H3PO4 as a reference (see Figure
2.6). Most probably this is compound 15 which should have single peak in
NMR.
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P{1H}

Figure 2.6. 31P NMR for Brominated Product Derived from Lithium Salt 14

2.4.12. Synthesis of brominated precursor 10
Scheme 12. Attempted synthesis of tris(dimethylphosphino)bromomethane

Compound 10 (0.16 g, 0.82 mmol) was dissolved in 15 mL of pentane and added
to a 25 mL flask with a magnetic stirrer in the dry box. To this mixture, was added NBS
(0.44 g, 2.46 mmol) followed by the addition of 12.00 mL of carbon tetrachloride plus
0.02 g of dibenzoyl peroxide as a radical initiator. During stirring the mixture under
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argon it remained colorless, but upon exposing a flashlight to it, slowly the mixture
started changing from colorless to a yellow solid (see a general reaction in Scheme 12).
Yellow solid was evaporated under vacuo for 8h. The final solid which is insoluble in
non polar solvents, but soluble in DMSO was collected and its

31

P{1H} NMR spectrum

(101.3 MHz, DMSO, 298 K, ppm): δ = 45.4 (s), 41.0 (s) and 38.3 (s) in the ratio 1:1.2:1
peak intensity ratio. The chemical shift of the last NMR peak is similar to that obtained
when compound 14 is brominated with bromine solution (Scheme 9) or with bromonium
triflate (Scheme 11), which are 38.1, (ppm) (s) and 38.5 (ppm) (s) respectively.
2.4.13. Synthesis of tricarbonyltris(propionitrile)molybdenum(0) ( compound 20)

The synthesis of compound 20 has been previously reported.8 A mixture of
Mo(CO)6 (6.00 g, 22.7 mmol) and propionitrile (60 mL) was added to a 250 mL flask
equipped with a magnetic stirrer and a reflux condenser with an exhaust port for removal
of CO. The reaction mixture was refluxed for 24h. After 14h of refluxing, the color of
this mixture changed from colorless to brown/black. Upon completion of the refluxing,
the reaction mixture was left to cool to room temperature for 45 minutes and reduced to
half the volume under vacuo. Dry diethyl ether was added slowly using a cannula,
resulting in a purple-colored precipitate, which was placed in the freezer overnight. The
following day, filtrate was cannulated and the precipitate was dried under vacuo for 6h.
This procedure yielded 5.9 g of crystalline product with a 75% yield (mp = 138-140 oC).

51

While the reaction was in progress, an aliquot was diluted with propionitrile and analyzed
by IR spectroscopy. The spectrum showed two υCO bands at 1917.7 (s) cm-1 and 1795
(s) cm-1, respectively. The expected band due to hexacarbonylmolybdenum was not seen
at υCO = 2000 cm-1, suggesting that the reaction had gone to completion. The IR
spectrum of the final product, prepared as a Nujol mull for dry solid Mo(CO)3(C2H5CN)3
showed two υCO bands at 1909 (s) cm-1 and 1778 (s) cm-1
2.4.14. Synthesis of Mo(CO) 3(C2H5CN) (Ph2P) 2CHPPh2 (compound 21)

Compound 20 (0.06 g, 17 mmol), (Mo(CO)3(C2H5CN)3), was dissolved in 4 mL
of propionitrile and was added to a 25 mL flask with a magnetic stirrer in the dry box. To
this mixture, compound 1 (0.10 g, 17 mmol) was dissolved in 4 mL of toluene and added
to the flask via a syringe. The flask was immersed to an ultrasonic bath for 5 minutes to
speed up the reaction. The mixture changed in color from dark brown to greenish yellow.
This mixture was allowed to proceed at 20 oC, and then left to stir at room temperature
overnight. The reaction produced a green precipitate, which was collected by filtration,
dissolved in 15 mL of diethyl ether, and stirred for 2h to complete the precipitation. The
precipitates was separated in a fritted glass filter and washed with 20 mL of diethyl ether,
which was evaporated under vacuo for 6h. This procedure yielded 0.08 g of a green solid
product 58% yield; mp = 148-150 oC). The IR spectroscopy of a Nujol mull of compound
21 showed two υCO bands at 1930 (s) cm-1 and 1785 (s) cm-1.
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The 1H NMR spectrum (250 MHz, DMSO, 298 K, ppm): δ = 0.95 (t, 3JH-H = 7.5 Hz,
CH3), 1.10-1.18 (q, 3JH-H = 7.5 Hz, CH2), 4.75 (s) (s, 1H, CH), 6.89 - 7.78 (m, 30H, ArH). The 31P{1H}NMR spectrum (101.3 MHz, DMSO, 298 K, ppm):  = 22.7 (d, 2Jp-p = 25
Hz) and -24.8 (t, 2Jp-p = 25 Hz). The 13C{1H} NMR spectrum (62.9 MHz, CD2Cl2, 298 K,
ppm):  = 58.1 δ (s), 58.6 (s), 59.3 (s), 124.9 (s), 129.5 (s) 154.3 (s), 175.2 (s).
Recrystallization of the crude product in dichloromethane after slow evaporation in the
freezer resulted in crystals suitable for crystallography, which revealed novel structure in
(see Figure 2.7 and a summary of selected bond lengths shown in Table 2.6).
Figure 2.7. Molecular Structure of Mo(CO) 3(C2H5CN) (Ph2P) 2CHPPh2 Showing the
Numbering Scheme Structure 21. Hydrogen Atoms are Omitted for Clarity

53

Table 2.5: Elemental analysis for Mo(CO)3(C2H5CN) (Ph2P)2CHPPh2
Atom
C
H

N

Calculated

64.27

4.52

1.74

Found

64.25

4.37

1.39

Table 2.6: Bond lengths [Å] and angles [°] for 21
Mo(1)-C(2)

1.946(3)

Mo(1)-C(1)

1.977(2)

Mo(1)-N(1)

2.201(3)

Mo(1)-P(1)

2.4962(6)

P(1)-C(10)

1.827(2)

P(1)-C(4)

1.830(2)

P(2)-C(16)

1.842(2)

P(2)-C(3)

1.864(3)

N(1)-C(22)

1.128(4)

O(1)-C(1)

1.151(3)

O(2)-C(2)

1.170(4)

C(4)-C(5)

1.386(3)

C(5)-C(6)

1.387(3)

C(5)-H(5)

0.9500

C(7)-C(8)

1.374(4)

C(8)-C(9)

1.380(4)

C(10)-C(11)

1.393(3)

C(10)-C(15)

1.390(3)

C(16)-C(21)

1.386(3)

C(16)-C(17)

1.394(3)

C(18)-C(19)

1.364(4)

C(19)-C(20)

1.378(5)

C(20)-C(21)

1.392(4)

C(2)-Mo(1)-C(1)

87.46(10)

C(2)-Mo(1)-N(1)

178.57(11)

C(1)-Mo(1)-N(1)

91.57(9)

C(2)-Mo(1)-P(1)

92.68(8)
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C(1)-Mo(1)-P(1)

99.47(7)

N(1)-Mo(1)-P(1)

88.51(6)

C(10)-P(1)-C(4)

100.16(10)

C(10)-P(1)-Mo(1)

122.76(7)

C(4)-P(1)-C(3)

105.70(11)

C(3)-P(1)-Mo(1)

96.77(7)

C(16)-P(2)-C(3)

101.92(9)

O(1)-C(1)-Mo(1)

177.6(2)

O(2)-C(2)-Mo(1)

176.8(3)

C(22)-N(1)-Mo(1)

174.5(3)

P(2)-C(3)-P(1)

113.04(10)

P(1)#1-C(3)-P(1)

94.34(12)

P(2)-C(3)-H(3)

111.8

C(7)-C(6)-C(5)

120.9(3)

C(11)-C(10)-C(15)

118.4(2)

C(12)-C(11)-C(10)

120.9(2)

C(14)-C(13)-C(12)

119.8(2)

C(13)-C(14)-C(15)

120.5(2)

C(14)-C(15)-C(10)

120.4(2)

C(21)-C(16)-C(17)

117.8(2)

C(18)-C(17)-C(16)

121.2(2)

2.4.15. Synthesis of compounds 22 and 23
Scheme 13. Attempted synthesis of 22 and 23

Compound 21 (0.01 g, 0.01 mmol) was dissolved in 2 mL of dichloromethane and
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was added to a 25 mL flask with a magnetic stirrer in the dry box. B(C6F5)3
(0.01 g, 0.01 mmol) was dissolved in 2 mL of dichloromethane and added to the reaction
via a syringe. The reaction was allowed to proceed for 2h; the color of the mixture
changed from light brown to deep brown. The reaction was left to stir overnight, and the
following day the solvent was slowly evaporated off in the glove box for 12h, which was
dissolved in CD2Cl2. The 1H NMR spectrum (250 MHz, CD2Cl2, 298 K, ppm):  = 7.41 7.62 (m, 30H, Ar-H). The 31P{1H} NMR spectrum (101.3 MHz, CD2Cl2, 298 K, ppm): δ
= 11 (s) (see Figure 2.9). The sample was left in the NMR tube and placed in the freezer
for several weeks to obtain crystals. The yield of the crystals was not enough to carry out
further analysis. It is likely that the crystals 23 formed at low temperature were in a
mixture of liquid compound 22 (Scheme 13). Single-crystal X-ray analysis revealed a
novel structure that is referred to as compound 23 (see Figure 2.8) with bond lengths
described in Table 2.7 that did not correspond to the structure of the expected product
predicted from the NMR spectra.
Figure 2.8. Molecular Structure of EtCNB(C6F5)3 Showing the Numbering Scheme For
Structure 23. Hydrogen Atoms are Omitted for Clarity
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Table 2.7: Bond lengths [Å] and angles [°] for 23
N(1)-C(1)

1.136(2)

N(1)-B(1)

1.596(2)

F(1)-C(5)

1.3497(17)

B(1)-C(16)

1.630(2)

B(1)-C(4)

1.631(2)

B(1)-C(10)

1.636(2)

C(1)-C(2)

1.442(2)

C(2)-C(3)

1.510(3)

C(2)-H(2B)

1.387(2)

C(3)-H(3A)

0.9800

C(3)-H(3B)

0.9800

C(4)-C(5)

1.384(2)

C(4)-C(9)

1.387(2)

C(16)-C(21)

1.386(2)

C(16)-C(17)

1.387(2)

C(1)-N(1)-B(1)

173.90(16)

N(1)-B(1)-C(16)

105.72(12)

N(1)-B(1)-C(4)

105.99(12)

C(16)-B(1)-C(4)

112.15(12)

N(1)-B(1)-C(10)

101.56(12)

C(16)-B(1)-C(10)

116.26(12)

C(4)-B(1)-C(10)

113.67(12)

N(1)-C(1)-C(2)

176.75(18)

C(1)-C(2)-C(3)

109.85(17)

C(1)-C(2)-H(2A)

109.7

C(3)-C(2)-H(2A)

109.7

C(1)-C(2)-H(2B)

109.7

C(3)-C(2)-H(2B)

109.7

H(2A)-C(2)-H(2B)

108.2

C(2)-C(3)-H(3A)

109.5

C(2)-C(3)-H(3B)

109.5
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H(3A)-C(3)-H(3B)

109.5

C(2)-C(3)-H(3C)

109.5

H(3A)-C(3)-H(3C)

109.5

H(3B)-C(3)-H(3C)

109.5

C(5)-C(4)-C(9)

114.23(13)

C(15)-C(10)-C(11)

113.86(14)

C(15)-C(10)-B(1)

126.42(14)

C(11)-C(10)-B(1)

119.61(13)

F(6)-C(11)-C(10)

119.05(14)

C(12)-C(11)-C(10)

124.44(15)

C(21)-C(16)-C(17)

113.59(14)

C(21)-C(16)-B(1)

121.27(13)

C(17)-C(16)-B(1)

125.12(13)

F(11)-C(17)-C(16)

121.06(14)

C(18)-C(17)-C(16)

123.67(14)

Figure 2.9. A Comparison of 31P{1H} NMR for Uncoordinated
Tris(diphenylphosphino)methane (1) and Coordinated Structure 22
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Figure 2.9 shows the comparison of  for uncoordinated precursor 1 and when its
two phosphorus atoms are coordinated to group 6B metal carbonyl in structure 21. The
uncoordinated to coordinated has shown the shift from -8.9 (ppm) (s) to 11.0 (ppm) (s)
2.4.16. Synthesis of tricarbonyltris(propionitrile)tungsten(0) (compound 24)

The synthesis of precursor 24 has been previously reported.8 W(CO)6 (6.00 g,
23.0 mmol) was dissolved in 86 mL of propionitrile and added to a 250 mL flask
equipped with a magnetic stirrer and a reflux condenser with an exhaust port for removal
of CO. The reaction mixture was gently refluxed causing the mixture to change from
colorless to yellow, and then to dark brown-red. After 4 days, IR spectroscopy of an
aliquot (diluted with propionitrile by 10:1) revealed multiple bands corresponding to the
intermediate with the structure W(CO)4(C2H5CN)2 {CO = 2021 (s) cm-1, 1898 (br) cm-1,
and 1840 cm-1)}; thus, the reaction was allowed to proceed for another three days. The IR
spectrum of the product was consistent with the reaction going to completion to form the
expected product, W(CO)3(C2H5CN)3, with two υ(CO) bands at 1910 (s) cm-1, and 1793
(s) cm-1. The solution was cooled to 45-55 oC and the solvent volume was reduced to half
under vacuo. This resulted in a small number of fine yellow crystal needles. 80 mL of
diethyl ether was added to complete the crystallization in the freezer overnight. The
following day, the mixture was filtered in the dry box, and the light yellow crystalline
solid was washed three times with 20 mL of diethyl ether and dried for 20 minutes. This
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yielded 7.00 g, of product (71% yield, mp = 128-130 oC). The IR spectrum, as a Nujol
mull for W(CO)3(C2H5CN)3 product showed two υCO bands: 1890 (s) cm-1 and 1770 (br)
cm-1, indicating that compound 24 had been obtained.
2.4.17. Synthesis of W(CO)3(C2H5CN)(Ph2P) 2CHPPh2 (compound 25)

Compound 24 (0.08 g, 0.18 mmol) is dissolved in 3 mL of dichloromethane and
was added to a 25 mL flask with a magnetic stirrer in the dry box. To this mixture,
compound 1 (0.10 g, 0.18 mmol) was dissolved in 4 mL of toluene and added via syringe.
The flask was immersed in an ultrasonic bath for 5 minutes to increase the reaction rate.
The mixture changed from colorless to brown, and was left stirring at 20 oC for 1h; the
reaction was then stirred at room temperature overnight. The following day, the mixture
was added 15 mL of diethyl ether and stirred for 1h. The precipitate that formed was
separated by filtration and washed with 10 mL of diethyl ether. The final precipitate
compound 25 was dried under vacuo for 8h. This procedure yielded 0.12 g, of a
yellowish-brown solid product (75% yield, mp = 147-149 oC. An IR spectrum as a Nujol
mull, for 25 showed two υCO bands: 1924 (s) cm-1 and 1781 (s) cm-1. The 1HNMR
spectrum (250 MHz, CD3COCD3, 298 K, ppm): δ = 1.30 δ (ppm) (t, 3JH-H = 7.8 Hz,
CH3), 2.42-2.50 (q, 3JH-H = 7.8 Hz, CH2), 5.60 (s, 1H, CH), 7.00-7.80 (m, 30H, Ar-H).
The 31P{1H} NMR spectrum (101.3 MHz, CD3COCD3, 298 K, ppm): δ = 18.7 (d, 2Jp-p =
30 Hz), and -21.9 (t, 2Jp-p = 30 Hz). Recrystallization of the crude product in
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dichloromethane resulted in crystals. Single crystal X-ray analysis revealed novel
structure (see Figure 2.10 and a summary of selected bond lengths in Table 2.9).
Figure 2.10. Molecular Structure of W(CO)3(C2H5CN)(Ph2P) 2CHPPh2 Showing the
Numbering Scheme Structure 25. Hydrogen Atoms are Omitted for Clarity
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Table 2.8: Elemental analysis for W(CO)3(C2H5CN)(Ph2P)2CHPPh2
Atom
C
H
Calculated
57.73
4.39
Found
56.22
4.11
Table 2.9: Bond lengths [Å] and angles [°] for 25
W(1)-C(2)

1.952(7)

W(1)-C(1)

1.971(5)

W(1)-N(1)

2.179(6)

W(1)-P(1)

2.4866(10)

P(1)-C(13)

1.824(4)

P(1)-C(7)

1.832(4)

P(1)-C(3)

1.880(4)

P(2)-C(19)

1.848(4)

P(2)-C(3)

1.863(6)

N(1)-C(4)

1.121(8)

O(1)-C(1)

1.153(5)

O(2)-C(2)

1.173(7)

C(3)-H(3)

0.9800

C(4)-C(5)

1.464(10)

C(13)-C(18)

1.381(5)

C(13)-C(14)

1.388(6)

C(19)-C(20)

1.386(6)

C(19)-C(24)

1.388(6)

C(2)-W(1)-C(1)

88.17(18)

C(2)-W(1)-N(1)

178.8(2)

C(1)-W(1)-N(1)

91.04(17)

C(1)-W(1)-P(1)

99.07(13)

P(1)#1-W(1)-P(1)

67.23(5)

C(13)-P(1)-C(7)

100.35(19)

C(13)-P(1)-C(3)

106.0(2)

C(7)-P(1)-C(3)

111.4(2)

C(13)-P(1)-W(1)

118.94(14)

C(7)-P(1)-W(1)

122.51(13)
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N
1.57
1.20

C(3)-P(1)-W(1)

96.88(13)

C(19)-P(2)-C(3)

101.90(18)

C(4)-N(1)-W(1)

175.6(6)

O(1)-C(1)-W(1)

177.4(5)

O(2)-C(2)-W(1)

177.8(5)

P(2)-C(3)-P(1)

113.3(2)

P(1)-C(3)-P(1)#1

94.2(3)

P(2)-C(3)-H(3)

111.6

P(1)-C(3)-H(3)

111.6

N(1)-C(4)-C(5)

175.1(8)

C(6)-C(5)-C(4)

113.8(7)

C(4)-C(5)-H(5A)

108.8

C(4)-C(5)-H(5B)

108.8

C(18)-C(13)-C(14)

117.5(4)

C(18)-C(13)-P(1)

126.2(3)

C(14)-C(13)-P(1)

116.3(3)

C(13)-C(18)-H(18)

119.4

C(20)-C(19)-C(24)

118.4(4)

C(20)-C(19)-P(2)

125.7(3)

C(24)-C(19)-P(2)

115.8(3)

C(21)-C(20)-C(19)

120.9(4)

C(19)-C(20)-H(20)

119.5

C(23)-C(24)-C(19)

119.8(5)

2.4.18. Synthesis of tridentate compound 26
Scheme 14. Attempted synthesis of 26
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Compound 25 (0.02 g, 0.02 mmol) was added to a 25 mL flask with a magnetic
stir bar and dissolved in 10 mL of dried acetone. The reaction was stirred overnight and
produced a yellowish brown mixture that still contained solid material. B(C6F5)3 (0.01 g,
0.02 mmol) was dissolved in 2 mL of acetone and added to the reaction via a syringe.
The reaction was continued at room temperature for two days; the mixture changed
slightly from yellowish-brown to deep brown. A sticky brown solid was isolated after
solvent evaporation under vacuo for 7h. The 31P{1H} spectrum of brown solid (101.3
MHz, CD3CN, 298 K, ppm): δ = -1.2 (s) showing the formation of compound 26 (see
Figure 2.11).
Figure 2.11. A Comparison of 31P {1H} NMR for Uncoordinated
Tris(diphenylphosphino)methane (1) and Coordinated Structure 26
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Figure 2.11 shows the comparison of  for uncoordinated precursor 1 and when
its two phosphorus atoms are coordinated to group 6B metal carbonyl in structure 26. The
uncoordinated to coordinated has shown the shift from -8.9 (ppm) (s) to -1.2 (ppm) (s).
2.5.

Synthesis of guanidinium tetrafluoroborate (compound 27)

The synthesis of precursor 27 has been previously reported.2 Guanidinium
carbonate (1.80 g, 10.00 mmol) was dissolved in 25 mL of dry ethanol and added to a
100 mL flask with a magnetic stirrer. To this mixture, a small excess of tetrafluoroboric
acid (48-50% in diethyl ether) was added drop wise until pH = 3-4. The product was
dissolved by stirring for 20 minutes and the remaining solid was removed by gravity
filtration. The filtrate was slowly evaporated to dryness. Crystallization of the products
was induced by the addition of 5 mL of acetone followed by addition of 15mL of ethyl
acetate. The reaction mixture was evaporated under vacuo to half of the original volume
(or until the crystals start to form). Some of the solvent was removed through evaporation
under argon overnight at room temperature. The rest of solvents and solids were removed
by using cannula, dried in vacuo for 4h. This procedure yielded 1.38 g of a white
crystalline product 94%, mp = 176-178 oC. The 1H NMR spectrum (250 MHz,
CD3COCD3, 298 K, ppm): δ = peak at 6.87 (s, 6H, (3xNH2). The

13

C{1H} NMR

spectrum (62.9 MHz, CD3COCD3, 298 K, ppm): δ = 159 (s). IR spectroscopy of the
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Nujol mull of the product showed four N-H bands: 3483 (w) cm-1, 3394 (w) cm-1 1684
(m-s) cm-1, and 1570 (w) cm-1.
Table 2.10: Elemental analysis for [ (NH2)3C]+[BF4]- 27
Atom
C
H
Calculated
8.78
3.76
Found
8.18
4.12

N
28.23
28.61

2.5.1. Synthesis of cationic compound 28 using precursor 27
Scheme 15. Attempted coordination of group 6B metal carbonyl complexes with 27

Compound 27 (0.05 g, 0.34 mmol) was dissolved in 5 mL of MeOH and was
added to a 50 mL flask with a magnetic stirrer in the dry box. In the other 25 mL flask,
molybdenum hexacarbonyl (0.10 g, 0.37 mmol) dissolved in 10 mL of methanol and left
stirring overnight as well. The following day the two mixtures were combined together
and stirred for 24h. No color change observed. When this mixture was refluxed in a bath
of ethyl acetate/DME mixture for 1h, the color changed from colorless to yellow. This
mixture was left to cool to room temperature while stirring under argon overnight. The
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next day a white crystalline undissolved starting material was observed and filtered with
fritted glass filter. The yellow filtrate was evaporated under vacuo for 8h. IR
spectroscopy of the Nujol mull confirmed the existence of starting material and this
indicates that, the synthesis protocol had failed.
2.5.2. Photolysis of compound 27 with group 6B metal carbonyl
Scheme 16. Attempted photolysis of the mixture of 27 with group 6B metal carbonyl
complexes
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1,2,3,4-tetrahydronapthalene chromium(0)tricarbonyl (0.02 g, 0.07 mmol) was
dissolved in 5 mL of dichloromethane and added to a 25 mL flask with a magnetic stirrer,
and was left to stir overnight in the dry box. Compound 27 (0.02 g, 0.12 mmol) dissolved
in 5 mL of methanol was added to a second 25 mL flask with a magnetic stirrer and left
stirring overnight in the dry box as well. The following day the two mixtures were
combined and refluxed for 30 minutes. During reflux of this mixture, the color changed
from colorless to faint yellow. The faint yellow solution was exposed to ultraviolet light
for 3.5h. After photolysis, the mixture did not show any further significant change in
color. However, during transfer of the mixture using a pipette to 25 mL flask under
argon, the faint yellow solution changed to green. The mixture was evaporated under
vacuo for 6h. IR spectroscopy of the Nujol mull revealed the existence of uncoordinated
27 in all of the attempted reactions (Scheme 16).
2.5.3. The coordination of 27 with lanthanide salts
Scheme 17. Attempted synthesis of lanthanide guanidinium complex

Ytterbium nitrate hexahydrate (0.06 g, 0.22 mmol) was dissolved in 5 mL of
methanol and was added to a 25 mL flask with a magnetic stirrer in the dry box.
Compound 27 (0.03 g, 0.22 mmol) dissolved in 5 mL of methanol was added and left
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stirring overnight at room temperature. The following day, white crystals suspended on
top of the solution in the flask were observed. The solvent was canullated and the solid
dried under vacuo for 8h. IR spectroscopy of the Nujol mull showed two N-H bands:
3462 (w) cm-1 and 1670 (w) cm-1, suggesting the formation of compound 29 (Scheme
17). Recrystallization of crude product was carried out in methanol and allowed to
evaporate slowly at room temperature. Single crystal X-ray analysis revealed the
structure shown in Figure 2.12.
Figure 2.12. Molecular Structure of Guanidinium Nitrate 29
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2.5.4. Synthesis of ytterbium guanidinium complex
Scheme 18. Attempted synthesis of ytterbium guanidinium complex

Ytterbium chloride (0.06 g, 0.22 mmol) was dissolved in 5 mL of methanol and
added to a 25 mL flask with a magnetic stirrer in the dry box. Compound 27 (0.03 g,
0.22 mmol) was dissolved in 5 mL of methanol and added to the reaction, and the
reaction was left to stir overnight. This mixture was further stirred for an additional 36h.
The solvent was evaporated under vacuo for 6h. Recrystallization of dry solid in different
solvent systems resulted crystals; however, X-ray analysis revealed that the crystals were
the compound 27 starting material.
2.5.5. Synthesis of compound 30 from compound 27 and neodymium nitrate
Scheme 19. Attempted synthesis of complex 30
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Neodymium nitrate hexahydrate (0.01 g, 0.22 mmol) was dissolved in 8 mL of
methanol and added to a 25 mL flask with a magnetic stirrer in the dry box. Compound
27 (0.03 g, 0.23 mmol) was dissolved in 5 mL of methanol and added to the reaction, and
the colorless mixture was stirred at room temperature overnight. The following day this
mixture was concentrated using argon stream, producing a suspension of white crystals.
The crystals were left to evaporate in air at room temperature. This procedure yielded
0.09 g of a white crystalline product (69% yield; mp > 200 oC). IR spectroscopy of the
Nujol mull showed two N-H bands: 3374 (w) cm-1, and 1653 (w) cm-1. Single crystal
X-ray analysis revealed a novel structure designated compound 30, whose structure is
shown in Figure 2.13, along with and a summary of selected bond lengths in Table 2.12,
and hydrogen bonds in Table 2.13.
Figure 2.13. Molecular Structure of Diguanidinium diaquapentakis(nitrato)
neodymiate(III) 30
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Table 2.11: Elemental analysis for 30
Atom
C
Calculated
3.94
Found

4.65

H
2.64

N
25.24

2.50

23.52

Table 2.12: Bond lengths [Å] and angles [°] for 30
Nd(1)-O(9)

2.4917(10)

Nd(1)-O(4)

2.5543(10)

Nd(1)-O(1)

2.6050(10)

Nd(1)-O(6)

2.6588(11)

Nd(1)-O(3)

2.6826(11)

Nd(1)-O(7)

2.7109(11)

O(9)-H(9A)

0.84(3)

O(9)-H(9B)

0.79(3)

N(1)-O(2)

1.219(2)

N(1)-O(1)

1.2729(12)

N(2)-O(5)

1.2184(16)

N(2)-O(3)

1.2573(16)

N(2)-O(4)

1.2734(15)

N(3)-O(8)

1.2362(17)

N(3)-O(7)

1.2565(16)

N(3)-O(6)

1.2578(16)

C(1)-N(4)

1.314(2)

C(1)-N(6)

1.318(2)

C(1)-N(5)

1.327(2)

N(4)-H(4A)

0.79(3)

N(4)-H(4B)

0.82(3)

N(5)-H(5A)

0.82(3)

N(5)-H(5B)

0.78(3)

N(6)-H(6A)

0.79(3)

N(6)-H(6B)

0.86(3)

Nd(1)-O(9)-H(9A)

121.8(17)

Nd(1)-O(9)-H(9B)

127.2(18)
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H(9A)-O(9)-H(9B)

107(2)

O(1)-Nd(1)-O(6)

65.33(4)

O(9)-Nd(1)-O(3)

66.31(3)

O(4)-Nd(1)-O(3)

48.43(3)

O(1)-Nd(1)-O(3)

164.21(4)

O(6)-Nd(1)-O(3)

100.34(3)

O(2)-N(1)-O(1)

121.75(8)

N(1)-O(1)-Nd(1)

97.19(8)

O(5)-N(2)-O(3)

122.58(13)

O(5)-N(2)-O(4)

120.99(13)

O(3)-N(2)-O(4)

116.43(11)

N(2)-O(3)-Nd(1)

94.51(8)

N(2)-O(4)-Nd(1)

100.28(8)

O(8)-N(3)-O(7)

121.77(13)

O(8)-N(3)-O(6)

120.41(13)

O(7)-N(3)-O(6)

117.83(12)

N(3)-O(6)-Nd(1)

98.63(8)

N(4)-C(1)-N(6)

119.79(16)

N(4)-C(1)-N(5)

120.25(19)

N(6)-C(1)-N(5)

119.95(18)

C(1)-N(4)-H(4A)

119(2)

C(1)-N(4)-H(4B)

121.0(19)

H(4A)-N(4)-H(4B)

119(3)

C(1)-N(5)-H(5B)

118(2)

H(5A)-N(5)-H(5B)

122(3)

C(1)-N(6)-H(6A)

120(2)

H(6A)-N(6)-H(6B)

119(3)
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Table 2.13: Hydrogen bonds [Å] and angles [°] for 30
D-H...A

d(D-H)

d(H...A)

d(D...A)

<(DHA)

O(9)-H(9B)...O(2)#2

0.77(3)

2.56(3)

3.066(3)

124(3)

O(9)-H(9B)...O(1)#2

0.77(3)

2.15(3)

2.9170(16)

175(3)

O(9)-H(9A)...O(3)#3 0.84(3)

2.08(3)

2.9078(16)

172(3)

N(5)-H(5A)...O(8)#4 0.82(3)

2.27(4)

3.057(3)

161(3)

N(6)-H(6A)...O(6)#4 0.80(3)

2.20(3)

2.982(2)

169(3)

N(5)-H(5A)...O(5)#5 0.82(3)

2.56(3)

2.869(2)

104(3)

N(6)-H(6B)...O(7)#6

0.86(3)

2.20(3)

3.022(2)

162(3)

N(4)-H(4B)...O(8)#6

0.81(3)

2.10(3)

2.907(3)

173(3)

N(4)-H(4A)...O(4)#7 0.79(3)

2.08(3)

2.852(2)

168(3)

Symmetry transformations used to generate equivalent atoms:
#1 -x+1,y,-z+3/2 #2 x+1/2,y+1/2,z #3 -x+3/2,y-1/2,-z+3/2
#4 -x+1,-y+1,-z+1

#5 x,y-1,z

#6 -x+3/2,-y+3/2,-z+1

#7 x+1/2,y-1/2,z

2.5.6. Synthesis of 6-cationic ligand 34 of guanidinium analog
Scheme 20. Attempted synthesis of 6-cationic ligand 34
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The synthesis of precursor 31 has been previously reported.9 Piperidine (88.92
mL, 0.90 mmol) was added in a 250 mL flask with a magnetic stirrer in the dry box.
Triethyl orthoformate (74.86 mL, 0.45 mmol) was added dropwise to the reaction. While
this mixture, was stirring under argon, acetic acid (1.72 mL, 0.03 mmol) was added
dropwise by syringe to the reaction vessel. Upon addition of the acetic acid to the
mixture, a white precipitate formed, but disappeared upon further stirring. The mixture
was refluxed at 112 oC, and the temperature was gradually increased during the 29.5h of
reflux; the final pot temperature was 144 oC. The mixture was concentrated for 12h to
remove N-formylpiperidine, and the following day the mixture was distilled under
vacuum. A small amount of white dense product was collected (50 mg; 42% yield). 1H
NMR spectrum (250 MHz, CDCl3, 298 K, ppm): δ = (250 MHz, 1.46 (br s, 18H, (CH2)3),
2.80 (br s, 12H, CH2N), and 3.11 (s, 1H, HC(N)3), confirming the synthesis of compound
31.
Tripiperidinomethane (compound 31) (12 mg, 0.045 mmol) was dissolved in 4
mL of dry deuterated chloroform and added to a 25 mL flask with a magnetic stirrer in
the dry box. Triphenyl tetrafluoroborate (15mg, 0.045 mmol) of was added to the
mixture, causing the color to change gradually from colorless to dark red. The reaction
was left to stir at room temperature overnight under argon. The solvent was evaporated
under vacuo for 6h and recrystallization was carried out in CDCl3/hexane. The 1H NMR
spectrum (250 MHz, CDCl3, 298 K, ppm): δ = 1.74 (br s, 18H, (CH2)3), 3.63 (br s, 12H,
CH2N), and 7.11-7.73 (m, Ar-H). The

11

B{1H} spectrum (80.2 MHz, CDCl3, 298 K,

ppm): δ =- 1.30 (s). Single crystal X-ray analysis revealed that each unit cell contained
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the two novel structures shown Figure 2.14, and a summary of selected bond length
parameters are given in Table 2.14.
Figure 2.14. Molecular Structure of 32 and 33 Showing the Numbering Scheme.
Hydrogen Atoms are Omitted for Clarity
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Table 2.14: Bond lengths [Å] and angles [°] for 32 and 33
C(1)-N(1)

1.507(3)

C(1)-N(2)

1.510(3)

C(1)-C(18)

1.538(3)

C(1)-C(7)

1.544(3)

N(1)-C(6)

1.408(4)

N(1)-C(2)

1.412(4)

C(7)-C(12)

1.384(4)

C(7)-C(8)

1.391(3)

N(2)-C(17)

1.407(4)

N(2)-C(13)

1.420(4)

C(13)-C(14)

1.406(5)

C(13)-H(13A)

0.9900

C(13)-H(13B)

0.9900

C(18)-C(19)

1.390(4)

C(18)-C(23)

1.395(4)

C(1A)-N(3)

1.493(4)

C(1A)-C(19A)

1.521(3)

C(1A)-C(13A)

1.536(4)

C(1A)-C(7A)

1.549(3)

N(3)-C(6A)

1.431(4)

N(3)-C(2A)

1.437(4)

C(2A)-C(3A)

1.445(6)

C(7A)-C(8A)

1.381(4)

C(7A)-C(12A)

1.391(4)

C(13A)-C(18A)

1.381(4)

C(13A)-C(14A)

1.401(4)

C(17A)-C(18A)

1.392(4)

C(17A)-H(17C)

0.9500

C(24A)-H(24A)

0.9500

N(1)-C(1)-N(2)

109.37(19)

N(1)-C(1)-C(18)

111.9(2)

N(2)-C(1)-C(18)

110.9(2)
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N(1)-C(1)-C(7)

110.34(19)

N(2)-C(1)-C(7)

111.5(2)

C(18)-C(1)-C(7)

102.67(18)

C(2)-N(1)-C(1)

117.7(2)

N(1)-C(2)-C(3)

116.7(3)

N(1)-C(2)-H(2A)

108.1

C(3)-C(2)-H(2A)

108.1

N(1)-C(2)-H(2B)

108.1

N(1)-C(6)-C(5)

116.9(3)

N(1)-C(6)-H(6A)

108.1

N(1)-C(6)-H(6B)

108.1

C(12)-C(7)-C(8)

118.0(2)

C(12)-C(7)-C(8)

118.0(2)

C(12)-C(7)-C(1)

121.3(2)

C(8)-C(7)-C(1)

120.3(2)

C(9)-C(8)-C(7)

120.9(2)

C(7)-C(8)-H(8)

119.5

C(7)-C(12)-C(11)

120.9(3)

C(7)-C(12)-H(12)

119.6

C(14)-C(13)-H(13A)

107.5

N(2)-C(13)-H(13A)

107.5

C(14)-C(13)-H(13B)

107.5

N(2)-C(13)-H(13B)

107.5

H(13A)-C(13)-H(13B)

107.0

C(13)-C(14)-C(15)

118.6(3)

C(13)-C(14)-H(14A)

107.7

C(13)-C(14)-H(14B)

107.7

N(2)-C(17)-C(16)

119.6(3)

N(2)-C(17)-H(17A)

107.4

C(16)-C(17)-H(17A)

107.4

N(2)-C(17)-H(17B)

107.4

C(18)-C(19)-H(19)

119.6

C(18)-C(23)-H(23)

119.7
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N(3)-C(1A)-C(19A)

108.5(2)

N(3)-C(1A)-C(13A)

110.7(2)

N(3)-C(1A)-C(7A)

110.3(2)

C(19A)-C(1A)-C(7A)

112.1(2)

C(6A)-N(3)-C(2A)

112.9(3)

C(6A)-N(3)-C(1A)

117.5(2)

C(2A)-N(3)-C(1A)

117.3(3)

N(3)-C(2A)-C(3A)

115.5(4)

N(3)-C(2A)-H(2A1)

108.4

N(3)-C(2A)-H(2A2)

108.4

N(3)-C(6A)-C(5A)

116.7(3)

N(3)-C(6A)-H(6A1)

108.1

N(3)-C(6A)-H(6A2)

108.1

C(7A)-C(8A)-C(9A)

121.1(3)

C(7A)-C(8A)-H(8A)

119.4

C(11A)-C(12A)-C(7A)

120.7(3)

C(7A)-C(12A)-H(12A)

119.7

C(18A)-C(13A)-C(14A)

118.1(3)

C(18A)-C(13A)-C(1A)

121.4(2)

C(14A)-C(13A)-C(1A)

119.8(3)

C(24A)-C(23A)-H(23A)

120.0

2.6. Synthesis of phosphoruspentaiodide (compound 35)

The

synthesis

of

precursor

35

has

been

previously

reported.10

Phosphoruspentachloride (1.00 g, 4.80 mmol) was dissolved in 50 mL of dry benzene and
was added to a 100 mL flask with a magnetic stirrer covered with aluminum foil in a
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dry box. This mixture remained colorless and was transferred to a cold bath at 16-18
o

C for 10 minutes. While this mixture stirring under argon trimethylsilyiodide (3.42 g,

24.01 mmol) was added dropwise by syringe over the course of 6 minutes, causing the
color of the mixture to change from colorless to purple. The reaction mixture was left
stirring at cold bath for 1h, and then allowed to warm to room temperature for 30 minute.
The reaction was filtered and the filtrate was evaporated under vacuo for 20 minutes. The
dry solid was washed with benzene and dried for 8h. This procedure yielded 2.10 g, of a
purple solid product (66% yield, mp = 39-42 oC). The

31

P{1H} NMR spectrum (101.3

MHz, CH3I, 298 K, ppm): δ = 181.1 (s), which is comparable with reported value of 182
(ppm) (s) with H3PO4 as a reference.
2.6.1. Synthesis of precursor 36
Scheme 21. Attempted synthesis of 2,4,6-tri-tert-butyl trimethylsilylaniline compound 36

The synthesis of precursor 36 has been previously reported.11 2,4,6-tri-tertbutylaniline (4.00 g, 15.30 mmol) was dissolved in 30 mL of dry THF and was added to a
250 mL flask with a magnetic stirrer. While stirring this mixture in the dry box at room
temperature, 2.50 M nBuLi was (6.40 mL, 15.90 mmol), provided by Aldrich Chemicals
in hexane was added to the reaction dropwise for 20 minutes. The mixture was placed at
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0 oC for 10 minutes, and chlorotrimethylsilane (2.47 g, 22.80 mmol) dissolved in 8 mL
dry THF was added dropwise for 20 minutes. The reaction mixture was allowed to warm
to room temperature for 1h, and then was cannulated over a celite pad in a fritted glass
filter. The solvent in the filtrate was evaporated off, and residue dried under vacuo for
10h. The dried residue was recrystallized in hexane and placed in the freezer over night.
The following day, the solvent was cannulated and the crystals were dried for 10h under
vacuo. This procedure yielded a pink solid product (4.00 g, 78% yield, mp = 93-95 oC).
1

H NMR spectrum (250 MHz, CDCl3, 298 K, ppm):  = 0.18 (s, 9H, Me3Si), 1.30 (s, 9H,

p-tBu), 1.48 (s, 18H, o-tBu), 2.21 (s, 1H, N-H), and 7.31 δ (s, 2H, Ar-H), consistent with
the expected NMR spectrum for compound 36.
2.6.2. Synthesis of 37 using both 35 and 36
Scheme 22. Attempted synthesis of 37
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Compound 35 (0.35 g, 0.53 mmol) was dissolved in 4 mL of dry benzene and
transferred to a 100 mL flask with a magnetic stirrer in the dry box. The mixture turned
deep purple-red. Compound 36 (0.53 g, 1.59 mmol) dissolved in 2 mL of benzene was
added dropwise to the reaction over the course of 10 minutes. The mixture was
transferred to cold bath at 17-20 oC, stirred under argon for 2h, refluxed for 4h, and left to
cool at room temperature overnight while stirring under argon. The next day, the mixture
was refluxed for 1h and the solvent was evaporated. The 1H NMR spectrum of the
product in C6D6 revealed a number of impurities. Therefore, column chromatography
separation was carried out using an eluent of a 10% MeOH/ 90% CH2Cl2 mixture. The
product was isolated and analyzed by thin-layer chromatography. The 1H NMR spectrum
(250 MHz, C6D6, 298 K, ppm): δ = 1.37 (s, 9H, p-tBu), 1.44 (s, 18H, o-tBu), 5.22 (br (s),
3H, N-H), and 7.42 (s, 2H, Ar-H). The 13C{1H} NMR spectrum (62.9 MHz, THF-d8, 298
K, ppm): δ = 30.1 (s), 31.6 (s), 34.8 (s), 102.6 (s), 133.5 (s) 138.5 (s), and 141.7 (s).
Based on these data, the expected product, compound 37, was not obtained. Instead, a
novel compound 38, 2,4,6-tri-tert-butylbenzenaminium iodide, was obtained. The product
isolated after column separation and was recrystallized in THF. Because of low purity of
crystals, both melting point and percentage yield were not determined. Single crystal Xray analysis revealed the structure of 2,4,6-tri-tert-butylbenzenaminium iodide 38 to be as
shown in Figure 2.15. A summary of selected bond lengths and hydrogen bonding are
shown in Table 2.15 and Table 2.16, respectively.
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Figure 2.15. Molecular Structure for 2,4,6-tri-tert-butylbenzenaminium Iodide 38

Table 2.15: Bond lengths [Å] and angles [°] for 2,4,6-tri-tert-butyl benzenaminium
iodide
N(1)-C(1)
1.477(9)
N(1)-H(1A)
0.9100
N(1)-H(1B)
N(1)-H(1C)

0.9100
0.9100
1.387(7)

C(2)-C(3)
C(2)-C(5)

1.547(7)
1.391(6)

C(3)-C(4)
C(4)-C(9)

1.523(10)
1.531(8)

C(5)-C(6)
C(5)-C(8)

1.534(8)

C(5)-C(7)
C(9)-C(10)
C(1)-N(1)-H(1A)

1.540(8)
1.498(13)
109.5

C(1)-N(1)-H(1B)

109.5

H(1A)-N(1)-H(1B)

109.5

C(1)-N(1)-H(1C)

109.5

H(1A)-N(1)-H(1C)

109.5

H(1B)-N(1)-H(1C)

109.5
83

C(3)-C(2)-C(1)
C(3)-C(2)-C(5)

116.1(5)
120.1(5)

C(1)-C(2)-C(5)

123.5(5)

C(1)-C(2)-C(5)

123.5(5)

C(1)-C(2)-C(5)
C(2)-C(3)-C(4)

123.5(5)
123.4(5)

C(2)-C(3)-H(3)

118.3

C(4)-C(3)-H(3)

118.3

C(3)-C(4)-C(9)

121.4(3)

C(6)-C(5)-C(8)

106.6(5)

C(6)-C(5)-C(7)

110.2(5)

C(8)-C(5)-C(7)

105.4(5)

C(6)-C(5)-C(2)

109.8(5)

C(8)-C(5)-C(2)

111.1(5)

C(7)-C(5)-C(2)

113.4(5)

C(5)-C(6)-H(6A)

109.5

C(5)-C(6)-H(6B)

109.5

H(6A)-C(6)-H(6B)

109.5

C(5)-C(6)-H(6C)

109.5

C(5)-C(7)-H(7B)

109.5

C(5)-C(7)-H(7C)

109.5

C(5)-C(8)-H(8A)

109.5

C(5)-C(8)-H(8B)

109.5

C(4)-C(9)-C(10)

116.2(12)

C(4)-C(9)-C(10A)

108.2(12)

C(10)-C(9)-C(10A)

105.6(9)

C(9)-C(10)-H(10C)

109.6

C(9)-C(11)-H(11A)

111.5
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Table 2.16: Hydrogen bonds [Å] and angles [°] for 2,4,6-tri-tert-butyl benzenaminium
iodide.
D-H...A

d(D-H)

d(H...A)

d(D...A)

<(DHA)

N(1)-H(1B)...I(1)

0.91

2.86

3.390(7)

118.6

N(1)-H(1C)...I(1)#2

0.91

2.64

3.505(7)

160.1

C(7)-H(7A)...N(1)

0.98

2.47

3.028(7)

116.1

Symmetry transformations used to generate equivalent atoms:
#1 x,-y+1/2,z #2 x,y,z-1
2.6.3. Synthesis of trianilinodiiodophosphorane (compound 40)

The synthesis of precursor 40 has been previously reported.12 Compound 35 (1.75
g, 2.63 mmol) was dissolved in 13 mL of dry benzene and added to a 100 mL flask with a
magnetic stirrer in the dry box. Compound 39 (1.44 mL, 15.80 mmol) was dissolved in 7
mL of benzene and added to the reaction. The mixture color changed from faint yellow to
bright yellow. The reaction was transferred to a cold bath at 19-20 oC and stirred for 2h,
warmed to room temperature, refluxed for 1.5h, and left to cool to room temperature for
1h. The mixture was filtered through a fritted glass filter using a hand-pressure bulb, and
the residue was washed with ice-cold water. The residue was dried under vacuo for 12h,
yielding 0.80 g of dry a yellow solid (54% yield, mp > 200oC). The 1H NMR spectrum
(250 MHz, C6D5NO2, 298 K, ppm): δ = 7.00-8.13 (m, 5H, H-Ar), and 9.30 (d, 2JP-H =
15.50 Hz). The 31P{1H} NMR spectrum (101.3 MHz, C6D5NO2, 298 K, ppm): δ = 6.9 (s)
with H3PO4 as a reference. These analyses confirmed the synthesis of compound 40.
Elemental analysis for compound 40 is shown in Table 2.17.
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Table 2.17: Elemental analysis for 40
Atom
Carbon
Calculated
38.56
Found
40.46

Hydrogen
3.25
3.99

Nitrogen
7.49
7.10

2.6.4. Synthesis of anionic ligand 41
Scheme 23. Attempted lithiation of trianilinodiiodophosphorane (compound 40)

Compound 40 (0.10 g, 0.18 mmol) dissolved in 15 mL of dry THF was added to a
50 mL flask with a magnetic stirrer in the dry box. Compound 40 was relatively insoluble
in THF, and was allowed to stir for 2h to ensure that a significant amount of the solid was
dissolved. The reaction vessel was kept under argon, and was transferred to a cold bath at
-78 oC for 30 minutes. Methyllithium in ether (0.48 mL, 0.77 mmol), plus an extra 30%
of either, were mixed for 15 minutes and added dropwise to the reaction over a 15 minute
period. During addition of the base to the mixture, the color changed from faint yellow
to deep yellow. The mixture was left stirring for 3h, warmed to room temperature for 30
minutes, and filtered through a medium fritted glass filter. The filtrate was evaporated
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under vacuo for 8h and a dry yellow solid was obtained. Both melting point and
percentage yield were not determined. Recrystallization of crude product was done in
THF/hexane. However, the majority of product was powder rather than crystalline. The
1

H NMR spectrum (250 MHz, THF-d8, 298 K, ppm):  = 3.80 (s, 3H, NH), and 6.83-7.32

(m, 5H, Ar-H). Single crystal X-ray analysis revealed that, rather than the expected
product, compound 41, the actual product was a known compound13 (compound 42) with
the structure shown in Figure 2.16. A summary of the selected bond lengths is shown in
Table 2.18.
Figure 2.16. Molecular Structure of Benzenaminium Iodide (42)
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Table 2.18: Bond lengths [Å] and angles [°] for 42
N(1)-C(1)
N(1)-H(1A)
N(1)-H(1B)
N(2)-C(7)
C(7)-C(9)
C(7)-C(11)

1.42(3)
0.9100
0.9100
1.492(18)
1.363(13)
1.370(13)

C(8)-C(10)

1.372(15)

C(8)-C(12)

1.373(14)

C(1)-N(1)-H(1A)
C(7)-N(2)-H(2A)
C(7)-N(2)-H(2B)

109.5
109.5
109.5

H(2A)-N(2)-H(2B)

109.5

C(7)-N(2)-H(2C)

109.5

C(9)-C(7)-C(11)

41.5(12)

C(9)-C(7)-N(2)

116.7(13)

C(10)-C(9)-H(9A)

121.9

C(8)-C(10)-C(9)

119(3)

C(12)-C(11)-C(7)

120(2)

C(11)-C(12)-C(8)

116(2)

C(7)-C(9)-C(10)

116(3)

C(8)-C(10)-C(9)

119(3)

The numbers in parentheses are estimated standard deviations of the least significant digits as they can be seen
in all Tables (2.1 to 2.18). Also a summary of novel compounds can be found in the appendix I page 137.
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2.7. Synthesis of anionic ligand compound 46
Scheme 24. Attempted synthesis of N-[bis(phenylamino)phosphino] benzenamine
compound 43 and its bromination

The synthesis of precursor 43 has been previously reported.14 N,N,N',N',N'',N''hexaethylphosphinetriamine (14.80 g, 67 mmol) was added to a 250 mL flask with a
magnetic stirrer in the dry box. Aniline (16 mL, 180 mmol) was added in a dropwise
fashion to dissolve the solid compound 43. Upon addition of the aniline, the color of the
mixture gradually changed from colorless to light green/yellow. The reaction was heated
at 55 oC for 6h. Periodically (every 30 minutes), the volatile components were removed
by vacuum into a cold trap before reaching the end of the schlenk line trap, yielding 10
mL of condensed diethylamine side-product. After cooling overnight, a white crystalline
solid was detected on the walls of the reaction flask. The solid dried under vacuo for 23h
to ensure that of the aniline was removed. The dry solid was dissolved in 150 mL of
diethyl ether and undissoved residue was removed by filtration. The filtrate was placed at
6 oC for 15h. White crystals were formed and collected by filtration. This procedure
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resulted in 1.5 g of product (7.5% yield, mp = 108-111 oC). The 1H NMR spectrum (250
MHz, CD2Cl2, 298 K, ppm):  = 5.51.82 (s) (s, 3H, NH), 7.50-7.90 (m, 15H, Ar-H). The
31

P{1H} NMR spectrum (101.3 MHz, CD2Cl2, 298 K, ppm): δ = 69 (s) with H3PO4 as a

reference. The mass spectrum showed the most intense peak of the parent molecular ion
[M+H+] to be at m/e = 308.1. All of these analyses were consistent with the structure of
compound 43.
2.7.1. Bromination of N-(bis(phenylamino)phosphino)benzenamine compound 43
Compound 43 (0.10 g, 0.33 mmol) was added to a 25 mL flask with a magnetic
stirrer in the dry box and dissolved in 10 mL 80:20 diethyl ether:dichloromethane. This
mixture was stirred under argon and placed at -78 oC for 10 minutes. Then to the mixture,
bromine (0.02 g, 0.33 mmol) dissolved in 2 mL of 80:20 diethyl ether:dichloromethane
was added dropwise for 10 minutes. During addition, the color of the mixture changed
from colorless to yellow. Ultimately, a red precipitate was generated. This reaction
mixture was allowed to stir under argon at room temperature overnight. After 14h, the
mixture contained red oil droplets. After another 12h, a yellow precipitate began to form.
The reaction was continued for another 40h, yielding a light yellow precipitate. The
reaction was filtered in the dry box using fine fritted glass filter. Both filtrate and solid
were dried under vacuo for 12h. Both melting point and percentage yield were not
determined because recrystallized product contained mixture of crystalline and powder.
Recrystallization of crude solid in THF resulted in compound 44. The 1H NMR spectrum
(250 MHz, THF-d8, 298 K, ppm): δ = 3.82 (s, 3H, NH), and
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6.68-7.06 (m, 15H, Ar-H). The

31

P {1H} NMR spectrum (101.3 MHz, THF-d8, 298 K,

ppm): δ = 6.0 (s) with H3PO4 as a reference. Single crystal X-ray analysis revealed a cocrystal of the ortho and para structures of the known compound,15-17 designated
compound 44, as shown in Figure 2.17, which are both known compounds.
Figure 2.17. Molecular Structure for Bromobenzenaminium bromide
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CHAPTER THREE
Results, Discussion, Conclusions and Future Directions
The goal of this study was to synthesize and characterize a set of coordination complexes
containing 6-cationic ligands. These compounds could be extremely useful as catalysts
for the polymerization of olefins that are widely used in the synthetic polymer industry.

3.1.

A synthetic approach to 6-cationic ligands using phosphorus-based ligands
The original strategy for the synthesis of 6-cationic ligands was to use

(Ph2P)3CH (1) and (Me2P)3CH (10) as precursors. Analysis of the products using Scheme
1 by thin layer chromatography and NMR analysis showed that this scheme leads to a
mixture contains two different compounds. These were separated by column
chromatography, starting with 100% dichloromethane (DCM), followed by 25%
methanol (MeOH)/DCM as eluents. The first fraction contains the known compound
Ph2PCH2PPh21 (3) and the second contains an unknown compound that is slightly polar.
Compound 3 was recrystallized in DCM and single crystal X-ray analysis confirmed the
structure as shown in Figure 2.1. We tried to identify the unknown compound using
NMR; however, because the small size of crystals collected, they were unsuitable for Xray analysis. Despite our failure to obtain a crystal structure, the

31

P hydrogen-coupled

NMR spectrum supports the possibility that the unknown is phosphonium. This is based
on a comparison of phosphorus-hydrogen coupling of the unknown which is 1JP-H =
474.0 Hz and the one I obtained in experimental Equation xii for comparison, which
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has revealed high phosphorus-hydrogen coupling constant value. I confirmed this by
synthesizing phosphonium using the scheme shown below:

The 1JP-H value for the unknown compound is comparable with the compound formed in
equation xii above. Also a similar reaction was done by using bis(diphenylphosphino)
methane compound 3 as follows:

From the

31

P NMR spectrum, there was no phosphorus-hydrogen coupling noted in

equation xiii. This was carried out in order to establish if the phosphorus-hydrogen
coupling value of the unknown (unidentified) compound match with both protonation
reactions Equation xii, and Equation xiii.
In order to understand if B(C6F5)3 is bound to the unknown complex as a counter
anion, 11B{1H} NMR analysis of the unknown compound was carried out. This revealed
that boron is at a higher field i.e., -2.7 (ppm) (s), which implies it is more shielded and
probably is in the form of {HB(C6F5)3}-. It is also coordinated when compared with
neutral B(C6F5)3, which is at low field (50.2 (ppm) (s)). Thus, with no crystal structure, at
this point, it is difficult to know definitively the identity of the unknown complex.
The fact that the targeted 6-cationic ligand compound 2 was not formed in
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Scheme 1 may be due to several reasons. The Lewis acid may either abstract hydride ion
or react at the phosphorus center.2 Also as phosphino substituents increase at methane
carbon, nucleophilicity of that carbon should decrease both for steric and electronic
effects.3 This might have contributed to phosphorus reactivity and consequently led to the
formation of Ph2PCH2PPh2 (3) that exists as a stable compound. It is also possible that an
unanticipated disproponationality might have happened, which resulted in unusual
reactivity of (Ph2P)3CH (1) leading to similar results even at different reaction conditions.
In addition, such facile P-C bond cleavage has been observed by Grim4 and his coworkers when
they attempted to oxidize compound 1 with H2O2 Equation xiv.

I next attempted Scheme 2. I posited that this would lead to the synthesis of
compound 4. However, instead, I obtained starting material 1 and compound 4*. From
the

31

P{1H} NMR spectrum, the phosphorous atom in the compound was shown to be

bound in a monodentate fashion of phosphorus atom to the Lewis acid B(C6F5)3. Such
bonding has 9.4 (t), 15.4 (d) (2JP-P = 43 Hz) and phosphorus atoms are coupled to each
other.
I next attempted to synthesize compound 5 using Scheme 3 by reacting the
phosphine compounds PMe3 and PPh3 with the Lewis acids (EF5 E = Sb, Ta) to examine
if they might react with phosphorus. However, in both cases there were no reaction
observed, as revealed by 31P{1H} NMR spectroscopy. Compound 5 in Scheme 3 could
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not be isolated due to the fragmentation of the starting material (Ph2P)3CH (1), into
Ph2PCH2PPh2 (3), as well as many other compounds whose identities are not known
because of limited solubility of the final products in DMSO. These results again
underscore the unusual reactivity of compound 1.
I then attempted to synthesize compound 6 through lithiation of compound 1 in
Scheme 4, and lastly to form a halogenated form of compound (Ph2P)3CBr (compound 7)
using Scheme 5. Neither scheme was successful. The reactivity competition probably
resulted in Ph2P- cleavage, followed by the rearrangement, leading to the formation of 1
and 3 as stable compounds, with ration of the

31

P{1H} NMR peaks intensity ratio of 1:2

respectively (see Figure 2.2). Abstraction of methine proton (H+) attempted by Grim et
al. showed that even with a phosphorus compound (Ph2P=S)3CH protected by reacting
with a variety of base to form [(Ph2P=S)3C]- the synthesis was unsuccessful.5 These
investigators were only able to isolate a product in the form (Ph2P=S)3CHgCl when they
mixed (Ph2P=S)3CH with mercuric halide in ethanol.5 These results demonstrate how
difficult it is to abstract a tertiary proton from precursor 1 using any base.
In Scheme 5, when compound 1 reacted with NBS in 1:2 mole ratio, the reaction
produced the starting material, as indicated by 1H NMR spectrum. However,

31

P{1H}

NMR spectrum showed new peaks. When the reaction mole ratio was changed to 1:3,the
1

H NMR spectrum did not show a tertiary P3C-H at 4.30 (ppm) (s), unlike the first

attempt. The extra addition of NBS in the bromination reaction seemed to be necessary in
order to obtain the required product.6,7 Nevertheless, the intended compound 7 in Scheme
5 was not isolated. Instead, diphenylphosphinic acid (compound 8) was
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produced in a yield of about 60%, based on observed 31P{1H} NMR peak intensity ratio
was isolated. The dry crude product isolated was insoluble in non-polar organic solvents,
but soluble in DMSO and acetonitrile (CH3CN). Recrystallization of the crude product,
which was subsequently shown to be two compounds, was done in CH3CN. Single
crystal X-ray analysis revealed compound 8 to be a known compound.8,9 The structure of
compound 8 possesses strong intermolecular hydrogen bonding in a self-assembled
complex, which has not been previously reported in the literature (see Figure 2.3, and
Table 2.1). Such hydrogen bonding appears to be quite strong based on O(2)H(1)….O(2) bond angle 173o, which is close to 180o. In addition, the second compound
in the mixture did not crystallize.
A product, similar to compound 8 was obtained in Scheme 6, though under
slightly different reaction conditions. In Scheme 6, compound 8 was produced in
relatively less amounts compared to Scheme 5. Also another compound with
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P{1H}

NMR at 24.5 (d, J = 13 Hz), which was not observed in Scheme 5 was revealed in
Scheme 6 . The source of oxygen that led to the formation of 8 is not clear; it may be
from the solvents, dibenzoyl peroxide decomposition during the reaction, or dibenzoyl
peroxide oxidized phosphorus (as it is a good oxidant). It is possible that this problem
could be addressed in the future by purifying all solvents to eliminate the possible source
of the oxygen. Alternatively, azobis(isobutyronitrile) (AIBN) could be employed as a
radical initiator, which has no oxygen in its molecular structure.
I next used Scheme 7 to attempt to produce the 6-cationic ligand, compound 11.
However, again molecular fragmentation occurred at the Me2P- groups and resulted in
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(PMe2)3CH (10) and the formation of Me2PCH2PMe2 (12). The starting material 10 was
has converted to 12 with a 50% yield, based on

31

P{1H} NMR peaks intensity ratio

shown in Figure 2.4. According to previous published work,2,3 it is well known that
(Me2P)3CH (10) is among a rare class of compounds with three nucleophilic centers,
which may compete for electrophiles when three phosphorus atoms are linked to the
same carbon atom. When compound 10 or compound 1 were reacted with the Lewis acid
B(C6F5)3, which is electrophilic in nature, Scheme 25 might be a possible mechanistic
route for the stable formation of Me2PCH2PMe2 (12) or (Ph2P)2CH2 (3). However, the
bond formed between P-B is derived from the interaction of a soft base with a hard acid,
and its strength is undefined, based on the Pearson principle.10 If the P-B bond formed
between the two atoms is not strong enough, it may easily cleave, resulting in the
formation of Me2P- or Ph2P- ions in solution. Step 1 of the proposed mechanism (Scheme
25) is supported by reaction step observed in Scheme 2, where compound 4* was
identified by
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P{1H} NMR. The possible source of hydride (H-) in Scheme 25 is most

likely coming from the solvent mixtures or during disproponation reaction if it happened.
Scheme 25. Possible mechanism route for the formation of Me2PCH2PMe2 (compound
12) or Ph2PCH2PPh2 (compound 3)
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3.2.

The attempted synthesis of 6-cationic ligands using halogenated version of
compound 10.
Another strategy for the synthesis of 6-cationic ligands was to synthesize the

halogenated version of the tertiary carbon atom of compound 10. I reasoned that by
halogenating the tertiary carbon atom of compound 10, it would become easier to oxidize
and to form the cationic ligand. Scheme 9 shows my approach. However, the predicted
product, compound 13 (Scheme 8) was not produced. When 10 reacted with strong Lewis
acid (SbF5) it resulted in a white/brown sticky solid, which was only soluble in DMSO.
31

P{1H} NMR revealed three peaks, which could not be characterized due to the

insolubility of the product.
Scheme 9 is a second approach to the halogenation to precursor 10. I first
synthesized the lithimun salt (Me2P)3C-Li+ (compound 14), which as shown in equation iv
was isolated in good yield using an established method.11 Elemental analysis for
compound 14 is shown in Table 2.2. The bromination of (Me2P)3C-Li+ (compound 14)
resulted in a mixture of products, based on observed
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P{1H} NMR peaks. The 31P{1H}

NMR peak at 38.1 (ppm) (s) corresponds to those peaks observed in Scheme 10 and
Scheme 12. Also, a mass balance after bromination showed ~10% higher weight for the
product than expected. The mass spectrum (ESI) m/e (fragment relative intensity) showed
the following peaks: (M + Na+) = 297.1 and (M + Na+) = 377. Based on an exact mass of
274, both mono and dibrominated products appear to have been produced. I could not
determine the structure of dibrominated product. There is a possibility that the
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phosphorus atoms along with the nucleophilic carbon atom were brominated. Similar
observations have been previously reported.12 However; it is clear that the intended
compound 16 product was not produced. .
The next approach that I took to the bromination reaction is shown in Scheme 11.
The lithium salt, compound 14, was reacted with compound 17. X-ray analysis revealed
the unexpected product, compound 19, which was 2,4,6-trimethylpyridinium bromide
(see Figure 2.5). The structure has not been previously reported in the literature. In
compound 19, both the NH and the CH3 groups were disordered. The ring has a positive
charge due to the H atom attached on the N; this balances the Br- ion. The ions are held
together by hydrogen bonds (see Table 2.4). The bond length for N-C is 1.368(4) Å,
which is slightly longer than 1.338(3) Å observed by Ishida13 and 1.355(7) Å observed by
Kalateh et al.14 for the related compounds. The reason for such differences in bond length
is most likely due to the disordered structure of compound 19.
Several fractional recrystallizations were carried out on the crude product to
ensure that all traces of compound 19 were separated from the mixture. After extensive
recrystallization, 31P{1H} NMR of the product revealed two unknown compounds, which.
31

P{1H} peak intensity ratio ((39.0 (ppm) (s) and 21.6 (ppm) (s)) of 7:1. The impure

product was re-dissolved in the solvent system of THF, CH3CN, CH2Cl2, and petroleum
ether and placed a freezer for two months. A precipitate formed, which turned out to be
2,4,6-trimethylpyridinium bromide (compound 19), as confirmed by 1H NMR. The
evaporated filtrate had a 31P{1H} NMR spectrum that showed a clean single peak at 38.5
ppm (s) (see Figure 2.6). This suggests that the mixture contains probably compound
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(PMe2)3CBr (compound 15), which was my intended target product, although
contaminated with compound 19. The impure product was further re-dissolved in a
solvent system of THF, CH3CN, CH2Cl2, petroleum ether and placed in the freezer for an
additional month. The products were by filtration and the filtrate was further fractionated
using column chromatography. I was unable to go further in the purification process.
However, if compound 15 could be obtained, Scheme 9 would be a very viable procedure
for the synthesis of the 6-cationic ligand compound 16.
I next approached the bromination reaction by using NBS, as shown in Scheme
12. This produced a mixture of products, as indicated by 31P{1H} NMR. The spectrum
included a peak at 38.3 (ppm) (s), which corresponds to the peak at 38.5 (ppm) (s)
obtained in Scheme 11 (see Figure 2.6). This peak is most likely compound 15 based on
the comparison of the
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P{1H} NMR spectra for the products derived from the three

experiments done at totally different reaction conditions in Scheme 9, Scheme 11 and
Scheme 12 respectively.
3.3.

Use of group 6B metal carbonyl complexes to stabilize precursor 1
I reasoned that if I coordinated compound 1 with group 6B metal carbonyl

complexes, it would be easier to reduce the reactivity of the phosphorus atoms and
stabilize the ligand.
Complex 21 was formed by reacting Mo(CO)3(C2H5CN)3 (compound 20) with
(Ph2P)3CH (compound 1) in 1:1 stoichiometry as indicated in Equation vi.
Recrystallization of the crude product was carried out in dichloromethane and the mixture

101

was left to evaporate slowly to half of the volume in the dry box. The reaction was then
placed in the freezer for over a week, and crystals were obtained. Elemental analysis of
the product, designated compound 21, Mo(CO)3(C2H5CN)(Ph2P)2CHPPh2, is shown in
Table 2.5, and is in good agreement with the calculated values. Single crystal X-ray
analysis revealed a novel structure (see Figure 2.7 and Table 2.6). The crystal structure
has a crystallographic mirror plane passing through Mo(1), P(2), C(3), C(22)-C(24), and
the molybdenum has an approximately octahedral coordination. The restricted bite angle
of the phosphine, which is 67.24(3)o, results in distortion of the P-Mo-P structure. This
bite angle is smaller than that which is observed in the square-planar complex
[Pt{(PPh2)2CHPPh2}2][BF4]2,15 (72.2(1)o), where both ligands chelate the metal center.
Similar values for the following molybdenum compounds have been observed: 67.3(1)o
for

[Mo(CO)4{(PPh2)2CH2}]16;

67.829(11)o

for

67.77(4)o

for

[Mo(CO)4{(PPh2)2CHPPh2AuCl}]17;

[Mo(CO)4{PPh2CH(Pr)PPh2}]18

and

67.941(12)o

for

[Mo(CO)4{PPh2CMe(Et)PPh2}].18 The chelate ring formed in compound 21 by Mo, P(1),
C(3) P(1) is approximately planar, but is folded about the P….P axis. The strain of the
four-membered chelate ring in the P(1)-C(3)-P(1) angle of 94.34(12)o represents a
significant deviation from ideal tetrahedral geometry at C(3). All three Mo-O separations
in compound 21 lie in the range 3.110-3.128 Å. The angles Mo-C-O, in the range of
176.8-177.6o, can be compared with values in other metal complexes in the solid state.19
The Mo-C bond lengths in the hexacarbonyl and tricarbonyl are 2.06 and 1.94 Å
respectively.20 The values of 1.990,21 1.96-2.07,22, 1.95-1.96,23 1.95,24 1.93-2.01,25 and
1.93 Å26 for the Mo-C bond have been reported for other molybdenum carbonyl
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complexes. In compound 21 the Mo-C distances of 1.946(3) and 1.977(2) Å fall into two
distinct groups whose values can be placed on the two extremes of the Mo-C bond
lengths cited. The trans CO group to Mo-P(1) has a longer Mo-C(1) 1.977(2) Å bond
length than CO {Mo-C(2) 1.946(3) Å}, which is not trans to Mo-P(1). The reason is
probably because carbon is a better -acceptor than phosphorus. The carbonyl group also
has a large trans effect, in the formation of this complex.16 The Mo-C bond trans to the
Mo-P bond in Mo(CO)3(C2H5CN)(Ph2P)2CHPPh2 (21) is expected to receive a greater
share of the d orbital electron density, leaving only less for the Mo-P d-d backbonding.16 It is, therefore, the difference in the extent of -bonding that accounts for such
differences in the Mo-C bond lengths. The Mo-P distance of 2.4962(6) Å is relatively
shorter than 2.71 Å, the sum of the covalent single-bond radii (1.61 Å for the Moo atom
and 1.10 Å27 for the phosphorus atom). This shortening is most probably due to the
presence of d-d back-bonding. The values of 2.51,21 2.517,22 2.518-2.537,25 and 2.476
Å24 have been observed in other molybdenum complexes. The P-C(sp3) bond distance of
1.864(3) Å for compound 21 is comparable with values of 1.88(1) Å,15 1.77(6) Å,17 and
estimated single bond lengths of about 1.87 Å by Pauling28 and Kojima et al.29 The mean
C-C bond length and C-C-C bond angle for the six phenyl groups in structure 21 are
1.383 Å and 119.9o respectively. These values are comparable to those observed by
Cheung et al.16 which is 1.37 Å and 120.0o respectively. Furthermore, the crystal
structure 21 is disordered in the hydrogens of the terminal methyl group.
The 1H NMR spectrum of the crystal structure for compound 21 revealed triplets
and a quartet with (3JH-H = 7.5 Hz, CH3CH2-), which means the protons are coupled to
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each other. The

13

C{1H} NMR spectrum was not informative, particularly the signal of

the carbonyl carbon, due to a very poor signal-to-noise ratio. A similar situation has been
encounted by Mague et al.30 when they tried to determine

13

C{1H} of {Mo(CO)4TPM}

and also by Braterman et al.31 Phosphorus atoms are bonded to the metal in bidentate
fashion for [Mo(CO)3(C2H5CN)(Ph2P)2CHPPh2 -24.8 (t), 22.7 (d) (2JP-P = 25 Hz)] and
they are coupling with each other with a coupling constant of 25 Hz.
The IR CO for compound 21 has high frequency because of the relative increase
in the CO force constant. This is due to the fact that phosphine ligand, like CO, has two
bonding modes. First, is sigma donation of a phosphine lone pair to an empty orbital on
the metal. Second, is backdonation from a filled metal d orbital to an empty orbital on the
phosphine ligand.32,33 As electron withdrawing groups are attached to the phosphorus
atom, the sigma-donating ability of the phosphorus tends to decrease. On the other hand,
the pi-antibonding on phosphorus is lowered in energy; this allows the backbonding
capacity to increase.32,33 In the crystal structure of compound 21, phosphorus is bonded
with a benzene ring that is not a good electron withdrawing group, but electrons are
delocalized in the ring, perhaps some how contributing to lowering the sigma-donating
capacity and enhancing backbonding from metal d orbitals to the pi-acceptor (sigma*)
phosphorus. This suggests an increase in the CO force constant is observed. Another
possible reason for the observed increase in the CO is the following: In general, when
electronegative groups are attached to the phosphorus atoms, a decrease in C=O, by
withdrawing electrons from the metal is observed, thus increasing the triply bonded
resonance form, between C and O ( C  O )34 relative to the doubly-bonded form between
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C=O. The observed strong CO frequencies in compound 21 (1930 (s) cm-1 and 1785 (s)
cm-1) are closely related to those observed by Chatt et al.34 in [Mo(CO)4{C2H4(PPh2)2}]
(1843 (s) cm-1 and 1774 (s) cm-1).
When

compound

21

was

reacted

with

the

Lewis

acid

B(C6F5)3,

CH3CH2CNB(C6F5)3 (compound 23) was generated as a crystal, while leaving compound
22 in CD2Cl2 solution. The crystal structure of novel compound 23 was established by Xray analysis. The structure and a summary of selected bond lengths for compound 23 are
shown in Figure 2.8 and Table 2.7. The boron coordination geometry in compound 23 is
slightly distorted tetrahedral geometry with average N-B-C(aryl) angles of 105.85(12)o.
The latter is relatively close to the tetrahedral geometry compared to CH3CNB(C6F5)3
which has an average N-B-C(aryl) angles of 114.3(2)o observed by Jacobsen et al.35 The
crystal structure of compound 23 is close to linear, with the bond angles C(1)-N(1)-B(1)
173.90(16)o and C(2)-C(1)-N(1) 176.75(18)o both being close to 180o. The observed NB-C(aryl) angle for compound 23 is not a linear as that for CH3CNB(C6F5)3 (C(2)-N(1)B(1) 177.1(2)o and C(2)-C(1)-N(1) 178.9(3)o) observed by Jacobsen et al.35. Furthermore,
the C(2)-C(1) bond length is 1.442(2) Å for compound 23, and thus is the expected
C(sp3)-C(sp) single bond range which is 1.459 Å measured by Costain et al.36 However,
the C(1)-N(1) 1.136(2) Å bond length of compound 23 is slightly higher by 0.012 Å than
the one observed by Jacobsen et al.35 for CH3CNB(C6F5)3.
Compound

23

was

unable

to

be

completely

separated

Mo(CO)3(C2H5CN)(Ph2P)3CH (compound 22), although I was able to pick a single
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from

crystal for the crystallization to obtain the X-ray structure. The reason for the side
reaction that formed compound 23 is possibly due to the fact that, when all other things
are equal, the hard base binds to the hard acid to form a bond with substantial ionic
character.37-40 This was a driving force for the reaction when the hard base nitrogen
bonded to the hard acid boron in the formation of crystals of 23 as well as 22, which did
not crystallize. This is the only possible route for the formation of compound 23 (see
Scheme 26 below). According to Pearson10, phosphorus is a relatively “soft” base, and
cannot easily bond with the “hard” acid boron, but the bonding between a soft acid and a
hard base has not been clearly defined. Phosphorus can donate its lone pair into the
benzene ring, which will make the phosphorus atom partially positive. The neighboring
tertiary carbon is relatively electronegative, but being bonded to three phosphorus atoms,
there is no way that it is electron rich. Therefore, the chance of abstracting a hydride from
such carbon is low. Despite obtaining a crystal structure for compound 23 using the
single crystal, both elemental analysis and percentage yield were unable to be determined
due to the scarcity of pure material.
Scheme 26. Possible route for the formation of 23
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The

31

P{1H} NMR spectrum of novel compound 22, Mo(CO)3(Ph2P)3CH, has is

shown in Figure 2.9. However, crystallization was not achieved. Initial NMR
characterization revealed that the phosphorus is bonded in a tridentate fashion to the
metal, which is based on the observed 31P{1H} NMR peak at 11.0 (ppm) (s).
The novel compound 25, W(CO)3(C2H5CN)(Ph2P)2CHPPh2, was formed when
W(CO)3(C2H5CN)3 (24) reacted with (Ph2P)3CH (1) in a 1:1 metal complex-to-ligand
stoichiometry (shown in equation viii). Elemental analysis for compound 25 (see Table
2.8) was in good agreement with the calculated values for only nitrogen and hydrogen.
However, the difference in % carbon between experimental and calculated values was
significant, most likely due to partial decomposition as well as due to impurities that may
have been trapped in the crystal lattice. Recrystallization in dichloromethane carried out
in the dry box for a longer period yielded a few crystals suitable for X-ray analysis. A
single crystal X-ray analysis yielded a novel structure as shown in Figure 2.10 and Table
2.9. The crystal structure has a mirror plane passing through W carbonyl of C(2)-O(2),
NCEt and the ligand through P(2) and C(3). The coordination of the tungsten atom, by
the two phosphorus atoms of the ligand, CH3CH2CN, and three carbonyl groups
displayed an approximately octahedral arrangement. The bite angle of the phosphine,
P-W-P 67.23(5)o is comparable with those observed for [W(CO)4{(Cy2PCH2PCy2}],18
and [W(CO)4{(Ph2P)2C=HCH=HCPh}],40 which are 67.20(2)o and 68.1,o respectively.
The chelate ring formed by W, P(1), C(3), P(1) in compound 25 is approximately planar,
but it is folded about the P…..P axis. There is strong strain of the four-membered chelate
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ring in the P(1)-C(3)-P(1) angle of 94.2(3)o, which is a significantly reduced from the
tetrahedral geometry at C(3) by 15.3o. This is slightly contrary to the geometry reported
for [W(CO)4{(Ph2P)2C=HCH=HCPh}],40 which has a P(2)-C(13)-P(1) angle of 100.7(4)o
and [W(CO)4{(Cy2PCH2PCy2}]18 that has P(2)-C(13)-P(1) angle of 98.21(13)o. In both
cases the angles are reduced by 8.5o and 11.29o from tetrahedral geometry, respectively.
All three W-O separations in compound 25 are in the range of 3.124-3.125 Å,
which is comparable to 3.142-3.176 Å observed by Cheung et al.16 The angles W-C-O in
the range 177.4-177.8o can be compared with values for other metal complexes, for
example, 172.4-176.3o 16 and 173.4-175.9o.41 The W-C bond lengths for other tungsten
carbonyl

complexes

have

been

reported

for

the

following:

[W(CO)4{(Ph2P)2C=HCH=HCPh}]40 in the range of 1.980-2.036 Å,41 [W(CO)4(PTAPPh2)]42 in the range of 1.972-2.048 Å42, and [W(CO)4(DPPM)]42 is in the range of
1.980-2.036 Å42. In compound 25 the W-C bond distances of 1.952(7) Å and 1.971(5) Å
fall into one distinct group observed by Wong et al.42 The trans CO group to W-P(1) has
relatively longer W-C(1) 1.971(5) Å than CO {W-C(2) 1.952(7) Å }, which is not trans
to W-P(1). The W-C(1) trans to the W-P(1) in 25 has a long bond length because there is
a relatively large d electron density donated to carbon (W-C) through back-donation.16
This implies less of d-d electron density has been donated to the phosphorus atom
through W-P. Therefore the observed W-C bond length difference is due to variations in
the extent of -bonding. The W-P bond distance of 2.4866(10) Å found in compound 25
is slightly shorter when compared to the values of 2.501 Å and 2.535 Å,16 2.5070 Å and
2.5291 Å,42 2.500 Å and 2.525 Å, 43 and 2.5187 Å and 2.5324 Å,14 observed in other
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tungsten complexes. The P-C(sp3) distance of 1.880(4) Å for compound 25 is comparable
with values of 1.830(7) Å,39 1.852(19) Å,41 and estimated single bond lengths of about
1.87 Å by Pauling28 and Kojima et al.29 The mean C-C bond length and C-C-C bond
angle for the six phenyl groups in structure 25 are 1.401 Å and 118.6o, respectively. In
addition, the crystal structure 25 is disordered in the hydrogens of the terminal methyl
group.
The 1H NMR spectrum of compound 25 revealed triplets and a quartet with (3JH-H
= 7.8 Hz, CH3CH2-), which means the protons are coupled. The 1H NMR revealed the
hydrogen that attached at the tertiary carbon of (Ph2P)3CH (1) has shifted more
downfield. This suggests that the tertiary carbon is relatively deshielded in this complex,
if compared with an uncoordinated precursor 1, which is on their respective chemical
shifts 5.6 (ppm) (s) for the complex and 4.1 (ppm) (s) for uncoordinated compound 1.
The 13C{1H} NMR spectrum of compound 25 was uninterpretable due to poor signal-tonoise. This most likely due to the combination of the considerable splitting of the
13

C{1H} resonances by the phosphine and the unfavorable relaxation time for the

carbonyl carbon atoms on tungsten. A similar problem was observed by Braterman et
al.31 in related tungsten carbonyl complexes. Phosphorus atoms are bonded to the metal
in bidentate fashion in compound 25 with two peaks (-21.9 (t), 18.7 (d) (2JP-P = 30 Hz),
and they are coupled to each other with a coupling constant of 30 Hz. The W-P coupling
could not be observed due to extremely poor signal-to-noise. The solubility of compound
25 might also have contributed to the problem. In addition,
is too low
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183

W abundance being 2.1%

to observe its coupling with 31P under such circumstance.
The IR CO for the compound 25 has high frequency due to a relatively increased
CO force constant. The reason for observed high frequency in CO is similar to
compound 21 as discussed above for a phosphine contained ligand when it is bonded to
the metal carbonyls.32,33 The low sigma-donating capacity from phosphorus has enhanced
back-bonding from filled metal d orbitals into the pi-acceptor ( sigma*) on phosphorus
and not into * of CO. If this would have had happened to * of the CO, it could have
reduced the bond order, and resulted in a reduction of the force constant between C, and
O. Another possible reasoned is that in compound 25, when electronegative groups are
attached to the phosphorus atoms, there is a progressive decrease in C=O by
withdrawing electrons from the metal, thereby increasing the triply bonded resonance
form between C and O ( C  O ),34 relative to the doubly-bonded form between C=O. The
observed strong CO in compound 25 (1924 (s) cm-1 and 1781 (br) cm-1) are similar to
those observed by Chatt et al.34 in [W(CO)4{C2H4(PPh2)2}] (1847 (s) cm-1 and 1782 (s)
cm-1).
The novel compound W(CO)3(Ph2P)3CH, designated compound 26 was generated
by the reaction shown in Scheme 14. Compound 26 could only be partially characterized
by 31P{1H} NMR, because was not isolated, and we were still looking for the appropriate
solvent for recrystallization. Initial characterization revealed that the phosphorus is
bonded in tridentate fashion to the metal, as suggested by the peak at -1.2 (ppm) (s) as
seen in Figure 2.11.
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3.4.

The coordination of 6-cationic guanidinium ligands with group 6B metal
carbonyl complexes
With the very limited success of the prior strategies utilizing phosphorus-based

ligands, I explored the use of guanidinium ligands to form coordination complexes with
6B metal carbonyls. Density function theory calculations (DFT) were used to predict the
possibility that the 6-cationic ligand of guanidinium analogs would coordinate with a
group 6B metal carbonyl in a stable manner. The coordination chemistry of 6-cationic
guanidinium ligand analog [C(NH2)3]+[BF4]- (27) with group 6B metal carbonyl
complexes was attempted at room temperature, but ultimately, the reactions were carried
out under reflux and photolysis. However, all of the synthetic approaches to coordinate
the guanidinium ligand with the group 6B metal carbonyl failed, including those
described in Scheme 15 and Scheme 16.
Next, I turned to a strategy that employed the electron-deficient lanthanide salts.
Compound 27 was reacted with the lanthanide nitrate salts, Yb(NO3)3 and Tb(NO3)3, in
1:1 metal complex to ligand stoichiometry as shown in Scheme 17. The complex
[C(NH2)3]+[NO3]- (compound 29) was formed. IR spectrum of the Nujol mull of
compound 29 showed that the N-H band shifts to a low frequency as the result of the NH….O bond weakening by intermolecular hydrogen bonding. Hydrogen from
guanidinium cation interacts with the oxygen donor from nitrate (NO3-). This results in
increasing N-H bond length and consequently a weak force constant between nitrogen
and hydrogen. Recrystallization of the crude product was carried out methanol. Single
crystal X-ray analysis revealed the structure shown in Figure 2.12. Compound
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[C(NH2)3]+[NO3]- (29) has previously been reported in the literature using a different
synthetic strategy.44,45 The C(1) and N(2) atoms of the cation and the N(1) and O(1)
atoms of the anions lie on the special positions and the ions have Cs symmetry.
Next, I used Nd(NO3)3 to react with compound 27 in 1:1 metal complex to ligand
stoichiometry as shown in Scheme 19, which yielded the complex of diguanidinium
diaquapentakis(nitrato)neodymiate(III) (compound 30). Crystals were formed through
slow evaporation of the solvent at room temperature. The novel crystal structure of
complex 30 was determined by single-crystal X-ray analysis (see Figure 2.13 and Table
2.12). As seen in Figure 2.13, the asymmetric unit is composed of one
[Nd(NO3)5.2H2O]2- anion and half of guanidinium cation [(NH2)3C].+ The ions are held
together by N-H….O hydrogen bonds as shown in Table 2.13.
The neodymium in compound 30 is coordinated to twelve oxygen atoms from five
nitrate ions, and two water molecules. The nitrate ligand coordination around the
neodymium does not seem vary from other similar Nd complexes in terms of either the
Nd-O bond lengths or O-Nd-O bite angles. The average Nd-O bond length is 2.6643 Å,
which is only about 0.02 Å greater than that observed by Chesman et al.46 [2.555(3)2.642(2) Å]46 in a related complex. The average O-Nd-O bite angle in compound 30 is
48.43(3)o, which is close to 49.09o that has been observed in [Me4N]3[Nd(NO3)6].46 The
nitrate ligands in the [Nd(NO3)5.2H2O]2- anion are positioned in a pseudo-octahedral
around the metal center in an arrangement which minimizes repulsion between ligands;
this has also been observed by Chesman et al.47 The nitrate ligands are oriented
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perpendicular to each other around the metal center. A similar arrangement of the ligands
has been observed in hexanitratolanthanate(III) complexes containing structures with
terpyridinium,48 and in a methyl pyridinium-based caunter-cation.49 The bond distance
N-O for compound 30 is in the range 1.2190(2)-1.2734(15) Å as well as O-N-O bond
angles are in the range 116.43(11)o-122.58(13)o. These results are in agreement with
those of diimidazolium aquapentakis(nitrito)neodymate(III) observed by Zhang et al.50,
which are 1.216(2)-1.271(2) Å and 116.25(14)-122.37(15)o, respectively. The
guanidinium N-H and water H atoms in the compound 30 are engaged in hydrogen bonds
with an oxygen atom of the nitrate groups. The hydrogen bond distances for the OH
(from the water) with the O(from nitrate) and N-H(from guanidinium) with the
O (from nitrate) are 2.9078(16)-3.066(3) Å and 2.852(2)-3.057(3) Å, respectively.
Hydrogen bonding in compound 30 are fairly strong based on the bond angles 168(3)173(3)o for the N-H….O bond (nitrate) and 172(3)-175(3)o for the O-H….O bond
(nitrate). These two angles approach 180o, implying that the straight line is the result of
the strong stretching. The observed hydrogen bonding interaction is one of the most
important non-covalent properties of the 6-cationic ligand of guanidinium analogs.
The IR spectrum of the Nujol mull of compound 30 showed a N-H shift to a
lower frequency, which is a result of the guanidinium N-H bond weakening by interhydrogen bonding when hydrogen is interacting with the oxygens of nitrate (NO3-).
Elemental analysis of compound 30 for carbon and hydrogen content (see Table 2.11) is
in good agreement with the expected values; however, there is a slight difference in the
nitrogen content. This may be due to several reasons that include the following:
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(1) During analysis, it is possible that not all the nitrogens were recovered with 100%
efficiency from NO3-. (2) The other nitrogen of the guanidinium cation is not directly
chemically bound to the metal, which would make it easy for the nitrogen to be lost.
3.5.

The attempted synthesis of the 6-cationic ligand of guanidinium analog
tripiperidine carbenium tetrafluoroborate
I was concerned that the failure to obtain the expected product in Scheme 15 and

Scheme 16 might have been due to the relative insolubility of compound 27. Thus, I
attempted to synthesize the guanidinium analog tripiperidine carbenium tetrafluoroborate
as shown in Scheme 20. However, instead of obtaining the intended produce, compound
34,

the

products

compound

32

(1-tritylpiperidine)

and

compound

33

(diphenyldipiperidin-1-ylmethane) were obtained, neither of which have been previously
reported. Single-crystal X-ray analysis revealed structures for compound 32 and 33 as
shown in Figure 2.14 and Table 2.14. There are two different molecules in asymmetric
unit: 4 molecules per unit cell with 2 of each compound. While the C(1A) is well aligned,
the C(1) atom has some unresolved disorder. In addition, the 1NC(5) unit cells are not
wholly occupied, and show some phenyl group disorder. The mean bond length C-N is
1.509 Å, which is comparable with 1.502(2) Å of 1-[(3-methylpiperidin-1-yl)(phenyl)methyl]-2-naphthol previously observed by Wang et al.51 On the other hand, the C-N
mean bond length is slightly longer than 1.493(2) Å of 3-[(2-hydroxy-1naphthyl)(piperidin-1-yl)methyl]benzonitrile observed by Qu.52. The bond distance
between central carbon C(1) and aromatic carbon C(7) and C(18) for compound 33 is in
the range of 1.538(3)-1.544(3) Å, which is almost identical to the C-C(sp3) (1.544 Å)
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observed by Costain et al.36 While N(1)-C(1)-N(2) bond angle in compound 33 is
109.37(2)o, which is almost the same as a tetrahedral geometry, the rest of the angles
N(2)-C(1)-C(7), N(2)-C(1)-C(18), C(7)-C(1)-N1), and N(1)-C(1)-C(18) are slightly
above tetrahedral geometry by about 1.4-2.0o. Similar deviations in the tetrahedral angle
values (1.01-3.31)o have been observed by Wang et.al.51 for closely related compounds.
The 1H NMR spectrum of the products in the reaction did not reveal the presence
of a tertiary hydrogen of tripiperidine methane (31) HC(N)3 at 3.11  (ppm) (s).
Nonetheless,

11

B{1H} NMR spectrum showed a 0.25 ppm difference in chemical shift

between the starting material and the product after the reaction, indicating that BF4- did
not abstract hydride from the tertiary carbon of the starting material 31. Because of the
presence of more than one compound in the mixture, the percentage yield, melting point,
and elemental analysis were not determined.
The possible reasons for the formation of 1-tritylpiperidine (compound 32) and
diphenyldipiperidin-1-ylmethane (compound 33), rather than the intended compound 34
are the following: First, a rearrangement with an unknown mechanism may have
occurred. Second, the methane hydrogen of compound 31 is not easily accessible to the
triphenyl carbenium due to some steric effects. A similarly low reactivity of the tertiary
carbon-hydrogen with triphenyl carbenium tetrafluoroborate has been previously
observed by Slutsky et al.53 in the reaction of [Ph3C]+[BF4]- with orthoamide, which
appears to be as sterically hindered as compound 31.
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3.6.

The attempted synthesis of precursor for 6-anionic ligand in phosphorusbased complex using 2,4,6-tri-tert-butylaniline and PI5
The last strategy that I to attempted, was to synthesize a 6-anionic ligand from

phosphorus-based complex using 2,4,6-tri-tert-butylaniline and PI5. While this was a
change from the original concept of a 6-cationic ligand, the anionic ligands might also
be useful in the synthesis of catalysts. While the desired anionic complex product
(compound 37) as shown in Scheme 22 was not obtained, another novel compound,
2,4,6-tri-tert-butylbenzenaminium iodide (compound 38) was produced and characterized
by single crystal X-ray analysis and 1H NMR. The 31P{1H} NMR spectrum of the crude
produce revealed a signal at 5  (ppm) (s). After purification of the crude product by
column chromatography, no phosphorus-containing compound was isolated. The filtrate
was evaporated under vacuo and the dry solid was recrystallized in THF, resulting in a
mixture of both crystals and powder.
The novel crystal structure of the compound 38 was determined by single-crystal
X-ray analysis as shown in Figure 2.15 and Table 2.15. In the crystal structure both the
cation and anion are situated on mirror planes. The aromatic ring shows mirror
symmetry, through NH3, C(1), C(4), C(9), which includes the t-butyl group on the mirror
plane. The hydrogens on N(1) are disordered as well as those on t-butyl group at C(9).
The bond distance for N(1)-C(1) is 1.477(9) Å, and is slightly higher than 1.42(2) Å
found in the related compound, benzenaminium iodide (compound 42; see Scheme 23
below). The mean bond length for N-H for 38 is 0.9100 Å, which is exactly the same as
compound 42, but is slightly higher than 0.89 Å for 2,4,6-trimethylanilinium iodide
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observed by Lemmerer et al.54
The mean C-C bond length and C-C-C bond angle for the benzene ring of
compound 38 are 1.389 Å and 119.8o, respectively. Compound 38 has a similar packing
arrangement to 2,4,6-trimethylanilinium iodide observed by Lemmerer et al.54 In the
crystal structure of compound 38 the ions are linked together by N-H....I hydrogen bonds
(see Table 2.16), with a bond distance ranging between 3.390(7)-3.505(7) Å. This bond
distance range is slightly shorter than that observed by Lemmerer et al.54 in 2,4,6trimethylanilinium iodide, which is 3.5570(8)-3.562(2) Å. The bond angle between NH….I in compound 38 ranges between 118.6o-160.1o, which is lower compared to 180o,
and implies that this may not necessarily be a strong hydrogen bonding stretch. On the
other hand, this bond angle is almost equal to the one observed by Lemmerer et al.54
which ranges between 143o-155o.
The failure to obtain the expected product, compound 37, was most likely due to
the steric constrains of the starting material, which has three t-butyl substituent groups.
Furthermore, the extra hydrogen attached on the nitrogen in compound 38 most likely
came from the solvent together with the effect of using dry solvents. It is also possible
that this proton came from the methanol used during column chromatography separation
of the product.
In a different strategy to form the anionic ligand, I decided to use aniline
(compound 39) to form a less bulky precursor for further syntheses (see Equation xi).
Synthesis of compound 40 (trianilinodiiodophosphorane) has been previously
described.55 The observed 1H NMR spectrum of compound 40 revealed doublets that
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appear to be due to N-H coupled with phosphorus 2JP-H = 15.50 Hz. This was confirmed
by the addition of deuterated water (D2O) in the same NMR tube containing compound
40, where the hydrogen exchange with deuterium occurred, eliminating the doublet
peaks. Elemental analysis for compound 40 has showed good agreement with the
expected values, although experimentally determined carbon values are slightly higher
(see Table 2.17). The previous description of the synthesis of compound 40 did not
include a spectroscopic analysis.
I used compound 40 to attempt to synthesis the anionic ligand complex,
compound 41, as shown in Scheme 23. Although I started with a 5% excess of the
required amount of methyl lithium, the reaction failed and I ended up with starting
material. In the second attempt, I used a 30% excess MeLi, which resulted in molecular
fragmentation. Although the
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P{1H} NMR spectrum of the crude product showed a

signal at -13.0 (ppm) (s), this was not observed in NMR spectrum of the crystals after
recrystallization of the crude products. Only a small amount of crystals were formed in
the recrystallization. Single-crystal X-ray analysis revealed the structure of the crystal
product to be compound 42, benzenaminium iodide (see Figure 2.16), rather than the
expected compound 41. The source of extra hydrogen attached on the nitrogen in
compound 42 most likely came from the solvent. The crystal structure of compound 42
has been previously reported56. Both the cation and anion lie on the mirror planes. The
crystal structure 42 is disordered at the position of the aromatic ring. The ring on N(2)
C(7)-C(9)-C(10)-C(8)-C(10A)-C(9A)-C(7) is occupied 59.5% of time and N(2) C(7)C(11)-C(12)-C(8)-C(12A)-C(11)-C(7) is occupied 40.5% of time. The mean C-C bond
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length and C-C-C bond angle for the benzene ring is 1.367 Å and 119.8o, respectively.
There are several possible explanations for compound 40 fragmentation upon
reacting with MeLi in Scheme 23. In general the bonding in phosphorus(V) compounds
shows a trigonal bipyramidal geometry (see Figure 3.1), whereby the two axial positions
are different from the three equatorial positions.57,58 The two apical atoms B1 and B2 are
equivalent, but distinct from the three equatorial atoms B3, B4, B5 are equivalent among
themselves.
Figure 3.1. General Structure for Trigonal Bipyramid (A = Phosphorus) 58

The literature suggest that the most electronegative substituent should occupy axial
positions of the trigonal bipyramid.57,58-63 Those axial positions of a trigonal bipyramid
are most preferred by electronegative substituents because of the presence of the most
electron density.63 This leaves electropositive groups occupying equatorial positions
because of s character in the equatorial phosphorus hybrid orbitals.59 This is supported by
19

F NMR,59,64,65 dipole moment measurements,66 and infrared and Raman spectroscopy67

of pentacoordinated phosphorus(V) derivative compounds, and indicates that the more
stable isomers are those with the more electronegative substituent occupying axial
positions. It has been observed that the axial bonds are weaker than equatorial bonds for
those hybridizations of phosphorus in which the s character is
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located in the plane.68 Phosphorus in compound 40 is directly bonded with nitrogen and
iodine. It is therefore expected that more electronegative nitrogen groups will be at the
axial position and iodine, which is relatively electropositive, will occupy the equatorial
position. The steric nature of the group attached on nitrogen has forced all three nitrogen
groups to be attached on phosphorus at the equatorial and two iodines at the axial
positions, contrary to their electronegativities strengths.
The B3-A-B4 angle at equatorial position, in a perfect trigonal bipyramid
molecule, (see Figure 3.1), is supposed to be 120o and B1-A-B3 angle at axial is supposed
to be 90o.58 The trianilinodiiodophosphorane (compound 40) has very bulky anilinyl
groups, these ligands may have caused the deviation from 120o and 90o of the bond
angles at the equatorial and axial positions. I used the software package called “Marvin
Sketch” (ChemAxon Kft, Budapest Hungary)69 to calculate the optimal angles for
structure of compound 40. The Marvin space was used to estimate the three N-P-N and IP-N bond angles in the optimized structure, which range between 115o-126o, and 79o106o (top face or bottom face) respectively. These results suggest that phosphorusnitrogen bond can be easily cleaved due to the existing strain, consequently leading to the
observed formation of benzenaminium iodide (compound 42). Furthermore, compound
40 having P-N and P-I bond polarizability, is expected to be highly reactive due to an
appreciable partial positive charge at the phosphorus atom.70 Nitrogen, which has a lone
pair of electrons, contributes to the stereochemical effect around the phosphorus-nitrogen
bonds.71 Compound 40 possesses some steric and lone pair-lone pair repulsion effects.
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The combinations of all these steric effects most likely contributed to the high energy
state of compound 40. When such a precursor is reacted with a strong base, it will result
in the formation of adducts that are lower in energy and more stable, one example being
compound 42. In Scheme 23, it is most likely that the strong base caused the
fragmentation of 40, thereby leading to the formation of compound 42. Therefore, a less
nucleophilic strong base, for instance diazabicyclo[5.4.0]undecane (DBU) and lithium
diisopropylamide (LDA) may be the next choice of reactants to address this problem in
future studies.
Another approach to the synthesis of an anionic ligand was to synthesize a
phosphine-based ligand followed by bromination. This precursor would then be lithiated
to form the 6-anionic ligand.
I synthesized N-[bis(phenylamino)phosphino]benzenamine (compound 43)
according to the literature56 as depicted in Scheme 24, with the main target being
compound 46. Reaction of compound 43 with bromine solution in a 1:1 mole ratio,
yielded rather unexpected results. The bromobenzenaminium bromide (compound 44)
was obtained and not the intended brominated intermediate, compound 45. 31P{1H} NMR
spectroscopy of the crude product revealed a peak at 6.0 (ppm) (s). After recrystallization
of the crude product in THF/hexane,
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P{1H} NMR spectroscopy of the crystals did not

reveal the presence of a phosphorus, which apparently remained in the mother liquor.
Single-crystal X-ray analysis revealed the formation of compound 44, as shown in
Figure 2.17, which is a known compound obtained by an alternate synthetic route.72-74
Compound 44 is attached by the bromide ion at either ortho or para positions.
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In this case, the ration of ortho and para substituted products was 40:60. However, each
product contains one bromide at either ortho or para position. The third hydrogen
attached on the nitrogen most likely came from the solvent.
Because of purity concern, the percentage yield and melting point were not
determined. An explanation for the failure to obtain the intended compound 45 is that the
amino group attached on the benzene ring has a strong electron donating resonance effect
that is most pronounced at the ortho and para positions.75,76 These two positions (ortho
and para) permit a more nucleophilic attack on the electrophile than the phosphorus lone
pairs. The three nitrogen atoms attached to the phosphorus are causing the phosphorus to
be highly polarized, such that cannot behave as good nucleophile for the attack of the
electrophile (Br+), thereby inhibiting the bromination reaction originally predicted in
Scheme 24.
3.7.

Conclusions
Conclusion 1. Experimental results have revealed that (Ph2P)3CH (compound

1) possesses unanticipated reactivity when it is reacted with strong Lewis acids to
abstract hydride or a strong base to form lithium salt. I had originally wanted to use this
as a step towards the synthesis of 6-cationic ligand by converting the tertiary P3C-H
compound to P3C-Br. Such instability was a major stumbling block in the synthesis of the
6-cationic ligand using the hydride abstraction approach due to the molecular
fragmentation and formation of the more stable compound Ph2PCH2PPh2 (compound 3).
The reaction mechanism that may cause compound 1 upon reaction with a strong
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Lewis acid or strong base to cleave into compound 3 in Scheme 1, Scheme 3, and
Scheme 4 are unknown. However, I propose the following explanation: Precursor 1
belongs to a rare class of compounds with three nucleophilic groups (Ph2P-) directly
connected at one center. Based on Pearson principle6, the three nucleophilic centers may
react with Lewis acid B(C6F5)3 directly, though with slightly unidefined bonding
interactions soft base/hard acid (P-B), instead of Lewis acid abstracting hydride as we
expected. Phosphorus, being directly bonded to the benzene ring, has a lone electron pair
that may participate in the resonance within the ring and cause appreciable partial
positive charge on phosphorus, which will make it more reactive with the base, instead of
the base abstracting the tertiary hydrogen. Presumably both incidences may contribute to
the fragmentation of Ph2P-, and result in the formation of compound 3 as a stable product
at various reaction conditions.
When the precursor (Me2P)3CH (compound 10), three nucleophiles (PMe2P-)
connected at one center, is exposed to the Lewis acid (B(C6F5)3), there will be a reaction
with the phosphorus atoms rather than intended abstraction of the tertiary C-H by the
Lewis acid. Such a reaction will weaken the P-C(sp3) bond and cause cleavage of Me2P(see Scheme 25), and results in the formation of Me2PCH2PMe2 (compound 12) as a
stable product.
Thus, at this point, the use of the tertiary C-H hydride abstraction as a pathway to
the formation of the 6-cationic ligand from precursors (Ph2P)3CH (compound 1) and
(Me2P)3CH (compound 10) is not a viable approach. The understanding of why both
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precursors 1 and 10 are cleaving under these reaction conditions requires extensive DFT
calculations to determine the charge distribution around tertiary carbon at both
precursors. This will hopefully suggest alternative approaches for abstracting the hydride
at the tertiary carbon.
Bromination of precursors 1 and 10 using NBS in catalytic amounts of benzoyl
peroxide resulted in a mixture of products, including the diphenylphosphinic acid
(compound 8), which crystallized out and was characterized by single crystal X-ray
analysis. Benzoyl peroxide, under the reaction conditions used in my studies, may be the
source of oxidizing phosphorus. There is no evidence that tertiary hydrogen P3C-H has
been converted to P3C-Br upon using this reaction condition. Bromination of
(PMe2)3C-Li+ (14) in Scheme 9, resulted in a mixture of products based on 31P{1H} NMR
spectroscopy, mass balance, and exact mass, indicating that both phosphorus and
nucleophilic carbon were unequivocally brominated.
Bromination of lithium salt compound 14 using bromonium triflate compound 17
according to Scheme 11 unexpectedly yielded the novel compound 2,4,6trimethylpyridinium bromide (compound 19), as indicated by single-crystal X-ray
analysis as shown in Figure 2.5. Repeated fractional recrystallization of the crude
product yielded a clean 31P{1H} NMR spectrum as shown in Figure 2.6, which will most
likely be (PMe2)3CBr (compound 15) when the compound is finally isolated. This
assumption is based on the same
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P{1H} NMR chemical shift observed in other two

different reactions in Schemes 9 and 12. The chance of the nucleophilic carbon of the
lithium salt attacking electrophile (Br+) as depicted in Scheme 11 is high. The product
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obtained still requires additional fractional recrystallization workup before a pure
(PMe2)3CBr (compound 15) can be isolated and characterized. Based on these results, it
is likely that Scheme 11 carried out under the right conditions and separation procedures
has a much greater chance of yielding a single product than the other bromination
schemes attempted.
Conclusion 2. Even when compound 1 is stabilized by the coordination to group
6B metal carbonyl complexes, the hydride is still refractory to abstraction.
Upon slight changes of strategy by coordinating two phosphorus atoms of
precursor (Ph2P)3CH (compound 1) to group 6B metal carbonyl, the novel compounds
Mo(CO)3(C2H5CN)(Ph2P)2CHPPh2 (21), W(CO)3(C2H5CN)(Ph2P)2CHPPh2 (25), as
shown in Figure 2.7 and Figure 2.10 were isolated, respectively. When these bidentate
coordinated 21 and 25 compounds reacted with the same Lewis acid as shown in Scheme
13 and Scheme 14, no molecular cleavage – the same result as observed in the case of
Scheme 1 for uncoordinated compound 1. Preliminary results indicate that the formation
of novel compound 23 occurs instead of abstracting hydride from the tertiary carbon. In
addition, as indicated from
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tridentate

group

fashion

to

P{1H} NMR spectroscopy, the phosphorus is bonded in a

Mo(CO)3(C2H5CN)(Ph2P)3CH

6B

metal

(compound

22)

carbonyls
and

in

both

compounds

W(CO)3(C2H5CN)(Ph2P)3CH

(compound 26). In the future, if these novel compounds can be isolated, they may react
with the strong Lewis acid (B(C6F5)3) allowing the abstraction of hydride(s) attached on
the tertiary carbon without molecular fragmentation, and perhaps yielding the 6-cationic
ligand.
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Conclusion

3.

Coordination

of

the

6-cationic

guanidinium

ligand

[C(NH2)3]+[BF4]- (27) with group 6B metal carbonyl complexes formed at room or
under reflux and photolysis, although predicted by DFT calculations, did not result in
coordination. It is possible that a high intensity light source could promote the
coordination reaction. The failure of the guanidinium analogs to coordinate with group
6B metal carbonyl complexes indicates that these analogs cannot substitute for
cyclopentadienyl. When [C(NH2)3]+[BF4]- (compound 27) was reacted with electron poor
lanthanides salts, guanidinium nitrate was isolated in as shown in Figure 2.12. When
neodymium nitrate was reacted with 6-cationic ligand of guanidinium analog 27, a
novel diguanidinium diaquapentakis (nitrato)neodymiate(III) (compound 30) was
isolated. Single crystal X-ray analysis showed that the coordination between lanthanide
and guanidinium cation is through the hydrogen bonding. Nitrate oxygens are partially
bonded to the hydrogens of guanidinium cation (N-H….ONO2-).
The attempt to synthesize 6-cationic ligand of guanidinium analog compound 34
in Scheme 20 was unsuccessful, most likely due to the steric effects of the piperidine and
phenyl groups. Instead, novel compounds 1-tritylpiperidine (compound 32), and
diphenyldipiperidin-1-ylmethane (compound 33) were obtained, as indicated by singlecrystal X-ray analysis.
Conclusion 4. Attempts to synthesize a 6-anionic phosphorus-based complex
using 2,4,6-tri-tert-butylaniline or aniline with PI5 did not produce the desired
products. The reaction with 2,4,6-tri-tert-butylaniline yielded the compound 38, 2,4,6-tritert-butylbenzenaminium iodide, which was characterized by single crystal X-ray
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analysis and 1H NMR spectroscopy. It is likely that the alternative to the expected
product was due to the steric factors induced by the large ring structures. When the
smaller

precursor

aniline

(compound

39)

was

used,

the

expected

product

trianilinodiiodophosphorane (compound 40) was formed. When compound 40 was used
to synthesize the 6-anionic ligand, the expected product, compound 41, was not formed;
instead, a previously characterized compound55, benzenaminium iodide (compound 42)
was isolated. The combination of factors that include weak bonds caused by steric effects
of the three nitrogens bonded to phosphorus N-P at equatorial position in 40, N-P bond
polarizability, as well as the lone pair-lone pair repulsion of nitrogen around phosphorus
atom, most likely contributed to the fragmentation of compound 40 and resulted in the
formation of a stable benzenaminium iodide (compound 42). Because of the relatively
low purity of 40, the chance of isolating 41 even by using a less steric precursor is
precluded, most likely due to the reactive nature of 40 when is subjected to such strong
basic conditions.
When the synthesis of a phosphorus based 6-anionic ligand using bromination of
a phosphorus(III) derivative precursor was attempted, molecular cleavage occurred,
resulting in the formation of bromobenzenaminium bromide (compound 44), most likely
due to nitrogen lone pairs of precursor 40 being involved in resonance in the benzene
ring. This made the ortho and para positions of the benzene ring more nucleophilic
towards electrophilic bromide (Br+) than phosphorus lone pairs, yielding a ratio of ortho
and para isomers in the ratio of 40:60. In this case phosphorus lone pairs are a relatively
weak nucleophile to attack the electrophile Br+ when compared with the negatively
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charged carbons of the benzene ring at both ortho and para positions.
3.8.

Future directions
I wish to end this section of the dissertation by proposing a set of future studies

that might be carried out to complete the work that I initiated.
The ability to use the precursors (Ph2P)3CH (1), and (PMe2)3CH (10) for
formation of 6-cationic ligands will require a thorough and profound understanding of
how their electronic and steric effects influence their reactivity with bases and Lewis
acids. Density function theory calculations should be used to determine the extent of
electron density at each tertiary carbon, which will provide information on the ability for
hydride abstraction in forming 6-cationic ligand.
Purification of the product obtained in Scheme 11 is required so that the
brominated version of (PMe2)3CBr (15) may be isolated. This will be a milestone toward
synthesis of 6- cationic ligand in Scheme 9.
Compound 22 and 26, which have been identified in solution based on observed
31

P{1H} NMR spectroscopy must be isolated and characterized. Thereafter, an attempt

should be made to produce the 6-cationic ligand, compound 47, perhaps using an
approach similar to Scheme 27.
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Scheme 27. Synthesis for 6-cationic complex 47

Compound 34 may be formed under the reaction conditions that seemed to work
when orthoamide was reacted with mercury acetate to form guanidinium acetate (Scheme
28).77 When 34 is isolated, it will be reacted with group 6B metal carbonyl by using a
photolysis technique, shown in Scheme 29. This will reveal any coordination possibilities
between group 6B metal carbonyl and 6-cationic ligand 34.
Scheme 28. Synthesis for 6-cationic ligand 34
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Scheme 29. Synthesis to be attempted for 6-cationic complex 48
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3.10.

Appendix I

Compound

21

23

Empirical
Formula

C43H36MoNO3

P3C21H5BF15N

Fw

803.58

567.07

Cryst. Size
(mm)

0.25x0.07x0.07

0.23x0.18x0.07

Cryst Syst

Orthorhombic

Monoclinic

Space Group

Pnma

P2(1)/c

a,Å
b,Å
c,Å

16. 5382(3)
20. 6594(4)
11. 3661(2)

11. 4513(3)
9. 1670(2)
21.6015(6)

,deg
,deg
,deg

90
90
90

90
90
90

Volume A3
Z
Calc. density
mg.M-3

(MoK)

3883.48(12)
4

2035.96(9)
4

1.374

1.850

0.501

0.205

84431
[R(Int)=0.091
188(2)

6797
[R(Int)=0.0913]
188(2)

RI, WR2(all
data)

0.0707, 0.0885

0.0748, 0.1224

RI, WR2
[I>2(I)]

0.0383, 0.0753

0.422, 0.1047

GOF on F2

0.992

1.024

Indep
Reflecns
T,K
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Compound
Empirical
Formula

25

30

C43H36WNO3P3

C2H16N11NdO17

Fw

891.49

610.50

Cryst. Size
(mm)

0.25x0.02x0.02

0.621x0.23x0.184

Cryst Syst

Orthorhombic

Monoclinic

Space Group

Pnma

C2(1)/c

a,Å
b,Å
c,Å
,deg
,deg
,deg

16. 4570(5)
20. 7161(6)
11. 3192(4)
90
90
90

10. 8926(6)
9. 0004(6)
20.4621(11)
90
90. 535(3)
90

Volume A3

3859.0(2)

1999.8(2)

Z

4

4

1.534

2.028

3.158

2.701

4929
[R(Int)=0.091

4435
[R(Int)=0.0913]

T,K

296(2)

228(2)

RI, WR2(all
data)

0.0819, 0.0734

0.0167, 0.0397

RI, WR2
[I>2(I)]

0.0376, 0.0618

0.0167, 0.0397

GOF on F2

1.036

1.408

Calc. density
mg.M-3

(MoK)
Indep
Reflecns
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Compound

32, 33

38

19

Empirical
Formula

C23.5H27.5N1.5

C18H32IN

C8H12BrN

Fw

330.97

389.35

202.10

Cryst. Size
(mm)

0.34x0.28x0.10

0.437x0.081x0.03

0.18x0.16x0.14

Cryst Syst

Triclinic

Orthorhombic

Hexagonal

Space Group

P-1

Pnma

P6(3) mmc

a,Å
b,Å
c,Å
,deg
,deg
,deg

10. 2675(4)
11. 3630(4)
16. 6373(6)
74.357(2)
88.743(2)
85.162(2)

22. 1960(7)
14.8228(5)
5.8533(2)
90
90
90

8. 6200(4)
8. 6200(4)
6.9118(3)
90
90
120

Volume A3

1862.15(12)

1925.78(11)

444.77(3)

Z

4

4

2

1.180

1.343

1.509

0.068

1.657

4.550

9232
[R(Int)=0.0374]
183(2)

2475
[R(Int)=0.0625]
188(2)

268
[R(Int)=0.0266]
183(2)

RI, WR2(all
data)

0.1287, 0.2754

0.0702, 0.1355

0.0530, 0.1132

RI, WR2
[I>2(I)]

0.0857, 0.2414

0.0541, 0.1287

0.0464, 0.1082

1.189

1.097

Calc. density
mg.M-3

(MoK)
Indep
Reflecns
T,K

GOF on F2

1.019
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CHAPTER FOUR
Improvement of Student Writing Skills in General Chemistry Lab
Reports Through the Use of Calibrated Peer Review
4. 1.

Introduction
In this rapidly changing world, one of the most important challenges in education

is the development of effective techniques that help students learn difficult concepts
through writing. Since the College Board offered its first writing examinations in 1901,
there have been obvious declines in the writing abilities among students at different
educational levels.1 Over the ensuing decades, the effort to improve student writing skills
has been a principal focus of secondary and college-level education. The literature shows
that regardless of the type of discipline, students gain a more profound understanding of
conceptual material when they write about what they are learning.2,3 In general, the
teaching of writing can enable instructors to meet the essential teaching challenges that
include (1) assisting students in developing conceptual understanding of subject matter
(2) enhancing communication skills and (3) providing opportunities for critical thinking.4
However, teaching writing to students with diverse of educational backgrounds,
abilities, and interests is an especially difficulty task for faculty at larger colleges and
universities, especially in introductory science courses. Many of these challenges are not
adequately addressed through lectures, discussions, laboratories, and problem sets that
are part of the traditional first-year college-level science course. Teaching of writing
techniques has been traditionally used in chemistry laboratory course to reinforce student
engagement in concepts and critical thinking.4-8 However, it has been observed that the
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writing of technical reports is often poor and students are lacking in motivation to
improve their writing.9
There are undeniable challenges specifically related to large laboratory courses
that include high grading burdens and lack of sufficient instructor expertise in creating
and evaluating writing assignments.10,11 The idea of “peer review” has been employed as
a new approach for teaching oral and written communication skills, and is grounded in
the philosophies of active learning.12 Peer review reduces an instructor‟s grading load and
maximizes the use of teaching resources. 13,14 Through peer review, students build their
writing skills from the joint construction of knowledge through writing reviews of each
other‟s work. Freshman chemistry laboratory courses, where students from diverse
backgrounds must gain skills in scientific writing and critical thinking at the earliest stage
of their college careers, may be best suited for the application of peer-review teaching
methodologies. Chemistry faculty interested in implementing writing in a laboratory
course usually face many challenges4, which include (1) design of effective assignments,
(2) knowing how and where to use writing within the laboratory curriculum, and (3) how
to provide feedback that improves the students‟ understanding of content and critical
thinking. Over the past two decades, a number of chemistry educators have demonstrated
the value of a specific peer review technique referred to as “calibrated peer review”
(CPR). CPR is a comprehensive approach which not only promotes student
understanding through frequent writing assignments, but also develops student critical
thinking skills through the process of peer-review and self-review.
CPR has been shown to be an effective method to improve student writing in
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chemistry lecture assignments8,15-17 and laboratory reports.5,6,18,19-22 CPR is a web-based
delivery tool that manages the submission and evaluation of students' written
assignments.23 It was developed in 1998 to foster science literacy, constructivist learning,
and critical thinking in introductory chemistry classrooms in California colleges and
universities.24 It is currently being adopted by more than 800 institutions and used by
more than 120,000 students2,25,26 in many disciplines, class sizes and levels of education.
4.1.1. How CPR works
CPR as web-based instructional tool provides students autonomy in line with
offering continual feed-back through guided exercises, peer evaluations and final
performance reports.24 The CPR‟s guided peer review process goes through the following
two parts (instructor and student):2,27
In the first part of CPR, the instructor designs a writing assignment with essential
guidelines. He or she can use CPR‟s built in authoring tools or can use or modify
assignments that other users have deposited in CPR‟s library. CPR offers also an
assignment authoring tool which help instructors in writing and reviewing the activities.23
There are created and published library assignments by other faculty members this often
helps instructor to select appropriate topics for his or her class. The instructor may also
decide to author his or her new assignment whenever he or she has convenient time to do
so. When CPR is used it will prepare a very detailed report summary for instructors about
the class and individual performance.23 The instructor can reevaluate the individual
document any time if needed because he or she has the access.
In the second part of CPR, the students use the CPR program to complete the
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assignment using the following steps:2,27
Step One. Each student begins an assignment based on the instructor‟s
guidelines. Instead of turning in a printed report to the instructor, the written work
is submitted electronically to the CPR program.
Step Two. After each student has submitted his or her work, the program
provides a guided tutorial on peer review of that particular assignment. Students
learn to calibrate their review skills by going through three essays on that
particular assignment that has been chosen by the instructor as examples of
different qualities of performance: a low-range essay, a mid-range essay and a
high-range essay. Through guided questions students evaluate the essays. The
questions may include for example, “Is the information organized into
paragraphs: yes or no” or “Rank the quality of the introductory sentence: (a)
vaguely related to the essay topic (b) mostly related to the essay topic (c) perfectly
related to the essay topic.” Students will receive a rating for their ability to
identify the quality of the calibration essays correctly. If a student is able to
correctly identify the quality of the essays to match the instructor's perception, the
student will be considered as a reliable grader and awarded a “Reviewer
Competency Index‟‟ (RCI) of 6 points. Thereafter, each student will receive
detailed feedback regarding his or her evaluation skills. Each student however,
must complete calibration exercises before he or she can be allowed to move to
the next step.
Step Three. Once a student has completed step two and has an understanding of
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the criteria for a high quality assignment (calibration), he or she is given the
opportunity to apply this knowledge by reviewing three essays from other
students, which are presented arbitrarily and anonymously,28 although the
instructor has full access to the identity of the authors of the essays. The CPR
grades the student on his or her ability to correctly identify the quality of the
essay. If the assessment by the student and the CPR program are in agreement,
then the student will receive full credit for this step in the assignment.
Step Four. Last but not least, the students grade their own essays using the same
standards they previously employed in evaluating their peers‟ essays.
Step Five. At the end of each assignment, CPR prepares and provides each
student with a summarized report that shows all his or her reviewers‟ assessments,
grades, and comments.
In the studies that I will describe in this chapter, I wanted to apply CPR for
teaching writing skills and critical thinking in the preparation of lab reports in a firstsemester laboratory course that accompanies a traditionally taught general chemistry
lecture course (Chem 123L) at the University of New Mexico.
4.2.

Literature review

4.2.1. The function of CPR
CPR is applicable across all disciplines in helping students develop their writing
skills and easing the instructor‟s workload. It is equally effective to both classes with
small (20) and large (500) numbers of students.23 In addition, students become well
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prepared in reading for content. This mastery has been observed from the student‟s
ability to answer the content questions much more correctly towards the end of an
assignment than they did at the beginning.18 CPR enables students to develop a number
of skills that include: abstracting, persuading, developing logical arguments, describing,
assessing, criticizing, analyzing, and reviewing.18 These are important higher-order
thinking skills as described by Bloom.29 More importantly, through writing and
reviewing, students develop critical thinking.30,31
Our focus will be on lab reports will include writing skills and critical thinking.
We expect at least some of the basic fundamentals of competent writing to be
achieved.32,33 This includes good sentence construction (organization, clarity and style);
grammar, which includes verb agreement, proper use of pronouns, adjectives and
adverbs; punctuation; and spelling. Critical thinking has broad applications in academic
and non-academic activities including reading, analysis, argumentation and logical
reasoning. The complexity of critical thinking activity is reflected in its definitions, and is
the source of some disagreement on what it is all about by most critical thinking
advocates.34,35,,36 There are a number of perspectives on the definition of critical
thinking.37,38 The general definition that we will use for critical thinking in our study is as
follows: 34,36,39 Critical thinking is a way of thinking and a set of skills that encourage an
informed, aware, systematic, considered and logical approach to deciding what to believe
or to do.39 Furthermore, critical thinking leads to arguments and conclusions that are
valid, substantiated and resistant to criticism. Critical thinking enables students to

145

adequately accomplish certain intellectual tasks that include the ability to analyze
arguments and judgment making on the credibility of the issues and make valid
conclusions.
4.2.2. Documented students learning progress as a result of using CPR
Based on previous studies, students from Chemistry, Biology, Economics, and
Physiology courses taught using CPR have performed approximately 10% better on the
examinations than students taught through traditional methods.40,41, This finding was the
same for all students who participated in the studies, and was independent of the type of
examination questions given in the courses.18 It has also been noted from research that
the reviewing process in CPR enhanced learning.43 Repeated studies revealed that the
reviewing step dramatically enables the weakest students to understand the content
beyond their learning gain from the essay writing.43
4.2.3. CPR impact on higher education
The use of the CPR program is growing rapidly. For example, in the year 2001,
there were 101 universities and colleges that used CPR. During this time, CPR served
more than 520 courses, enrolled more than 16,000 students, and had about 175 library
assignments in its data base.44 In the year 2004, the CPR user report showed that 500
institutions used CPR to support 1900 courses, which had a total enrollment of over
72,000 students.44 In 2005, the report showed that CPR has been adopted by over 800
institutions and served more than 120,000 students.18 More importantly, the assignment
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library of CPR has expanded exponentially to 1275 assignments. Further, progress has
been made among faculty members in each discipline to develop and share discipline
specific assignments.23
4.3.

Research question

4.3.1. How effective is CPR?
Quantitative studies have revealed that students who learn by CRP have improved
test scores over those who are taught using traditional lecture approach.40,41,42 Other
research suggests that CPR led to improvement of students‟ performance in both essay
writing and critical thinking.45-50 Some supportive literature suggested that well-written
CPR assignments can facilitate course content mastery,51-54 and can be as effective as
other methods of teaching writing skills.45,55 In addition, Palaez56 noted that humanphysiology majors performed significantly better on both multiple choice and essay
portions of their midterm examinations for topics taught using CPR than those taught in
the traditional method.
On the other hand, other studies have disputed the value of CPR. Walvoord et al24
reported that CPR did not improve students technical writing skills, nor did it improve
their scientific understanding of written summaries from publications.24 An analysis
carried out by Reynolds et al57 revealed that the use of CPR did not match the
expectations to improve student learning.
By reviewing the literature, it is apparent that there are some conflicting views on
the effectiveness of CPR as an instructional tool for teaching. While the Department of
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Chemistry and Chemical Biology is intrigued with the possibility of using CPR in
teaching lecture and laboratory courses, we fell it is necessary for us to carry out our own
research to determine the effectiveness of using CPR in the context of our own courses to
for improving writing skills and critical thinking. The remainder of the chapter describes
preliminary studies to determine if our own experience in using CPR for teaching
laboratory courses supports its use as a suitable alternative method for submitting postlab reports for a large, general chemistry lab course.
4.3.2. Statement of research problem
The teaching of freshman general chemistry lab faces many challenges: large numbers of
students (greater than 2,000 per semester), large faculty workloads in grading essays, and
limited number of instructors. The following key questions were explored:
1) Can CPR improve the ability of students to master writing skills over a semester?
2) Can CPR help students develop skills in both conceptual understanding and
critical thinking?
3) Is the CPR program a feasible tool for students to submit post-lab reports?
4.3.3. Hypothesis
Using the CPR program in laboratory teaching can improve students‟ writing skills,
conceptual understanding, and critical thinking.
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4.4.

Methods
This study was designed to determine the effectiveness of implementing the CPR

program in teaching of a first-semester, general chemistry laboratory (CHEM 123L). The
course contained a total of eight experiments. There were 26 sections. Eleven sections
(Group I) carried out the first four experiments using the CPR process and then reverted
to the traditional process for the remaining four experiments. Fifteen sections (Group II)
carried out the first four experiments without CPR and then used CPR in the remaining
four experiments. Students took a pretest before doing each experiment. The students
then conducted the experiment. For those experiments conducted by groups who did not
use CPR, the students submitted their post-lab reports through the traditional hard-copy
process. For those groups who underwent CPR, the students submitted their post-lab
reports through the CPR program. Each group was then given a posttest. The
performances on the pretest and the posttest were then compared within each group and
between the two groups. At the end of the semester, all students were asked to fill out a
questionnaire on their opinions of the CPR process.
At the beginning of the course, the teaching assistants or instructor gave a
presentation to the students on the general concepts of CPR and how it works. The
presentation included information about instructor‟s ability to see all comments and
reviews made by the students. Students completed the laboratory experiment in three
hours. Students who submitted a traditional post-lab report handed in their report within
seven days. Students who submitted their post-lab report through the CPR program had
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approximately two weeks to complete the assignment. All essay questions were
instructor-developed items for topics addressed in the experiment. Each assignment was
designed with goals, source materials, guiding questions, and three example essays to
help students “calibrate” their ability for peer review. The CPR system automatically
managed the peer review process. However, the TA or instructor was able to monitor the
progress of the assignment on-line.
4.4.1. Data collection
The following are examples in post-lab questions answered and submitted through
CPR program:
1) Describe the hypothesis you wrote in the pre-lab and write a conclusion for your
experiment. Include the data and an explanation of whether your hypothesis was
supported or not supported. Comment on the sources of experimental error and
possible ways to prevent this error. If you find you have no error, comment on
precautions you may have taken to avoid the error.
2) What is the empirical formula of magnesium oxide according to your calculations
based on your experimental data? Describe steps taken and show calculations
made to determine this formula.
3) Based on your experimental data calculate the empirical formula of zinc
ferrocyanide. Provide a logical step-by-step explanation of how you reached your
result.
A complete set of post-lab questions and the rubric for grading are attached in the
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appendix II (Section 4.13). The grading system for the CPR process was the following:
text entry submitted through the CPR program consists of the following break down:
70% of the grade was given for the quality of report as entered by the student. 13% of the
grade was based on the reviewing process in the calibration performance. 12% of the
grade was based on the review of the student‟s classmate's work. 5% of the grade was
based on self-evaluation. The CPR processes counted for 20% of the course grade. The
remaining 80% of the course grade was based on TA evaluations, pre-lab report and postlab questions separate from the CPR process.
To assess the value of CPR, I asked a single question at the beginning of the
course and after the completion of the first four experiments of the course. The grading
rubric was used to award a possible 10 points.
The following is a student’s lab procedure, observation and experimental
data from the preparation of a 100 mL of 0.4 M glucose solution. Comment
on this student’s preparation of the solution. Describe the problems of
preparation and how to correct the problems. Write the answers in essay
format with clear logic and correct spelling and grammar. (10pts)

Making 100 mL of a 0.4 M sugar solution
Experiments
1. Prepare a clean and dry, 100 mL
volumetric flask with a stopper.
2. Weigh 720 g of glucose by using a
weight boat and record the mass.
0.4 M x 100 mL = 40 moles
40 moles x 180 g/mole = 720 g
3. Transfer all the glucose into vol.

Observations
1. Obtained a vol. flask from the drawer.
Cleaned it with soap and dried it with
paper towel.
2. The mass of glucose is 719.980 g =
(740.01 g – 20.03 g of weight boat).

3. Although I was very careful, I lost some
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flask

4. Add the water to the vol. flask to the
mark.
5. Shake the flask to make all sugar
dissolve.

glucose during the transfer. It was hard
not to spill it; the flask opening is too
small.
4. The water line was just below the mark.
5. A little water was leak out of the stopper
during the mixing. It is very hard to
dissolve the entire solid. It took me almost
40
minutes to dissolve it.

The following is an example of expected essay from students and its respective rubric
designed for instructor to grade the essay:
Making 100 mL of a 0.4 M Sugar Solution
In this preparation, a student needs a rubber stopper, a cleaned 100 milliliter (mL)
volumetric flask rinsed with de-ionize water, and drying the flask with paper towel. In
order to obtain the actual mass of glucose needed to make 0.4 M of glucose solution in the
100 mL volumetric flask, it is important to determine the correct number of moles contained
in a 100 mL volumetric flask. The number of moles contained is (0.4 moles)/1000 mL x 100
mL = 0.04 moles, and not 40 moles as indicated in the preparation. Having calculated that
number of moles, therefore the mass of glucose to be weighed is (180 g/moles) x 0.04 moles =
7.2 g. This implies that both experiment, and observations made by the student were
incorrect. Instead, it should have read as 7.2 g weight of glucose, and an observed mass of
glucose as 7.2 g (tare the empty weight boat instead of weighing it). The correct calculated
amount of glucose was transferred from weight boat by using a metal spatula to a dry
beaker and a minimum amount of water used to dissolve before transferring to a labeled 100
mL volumetric flask. After all the solution was transferred, the beaker was rinsed and the
solution added to the 100 mL flask. Then more of the de-ionized water was slowly added to
fill up to the 100 mL mark on the volumetric flask (it is important to ensure that the bottom
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of the meniscus is exactly at the line). Then the volumetric flask was capped with the
appropriate stopper to avoid possible solution leaking, carefully inverted to thoroughly
dissolve all solids, and the 0.4 M glucose solution was left to stand at room temperature.
Since the amount of glucose that can be dissolved at room temperature in a 100 mL
volumetric flask is 7.2 g, an attempt to dissolve 720 g would have resulted in a saturated
glucose solution that would not have dissolved during the 40-minute time limit of the
experiment.

Grading Rubric for Pre-Test and Post-Test

i.

Points
Writing in essay format (in a paragraph form)……..………………..………….0.5

ii.

Calculating both correct number of moles and mass of glucose with their
respective units; 0.04 moles, 7.2 g of glucose………………….………….........2.5

iii.

Tare the empty weight boat to zero, instead of weighing it……………………..0.5

iv.

Suggesting how to transfer glucose from weight boat to 100 mL volumetric flask
with less or no spill, dissolve glucose in beaker with minimum water first, then
transfer to 100 mL volumetric flask ……………………………………..……...0.5

v.

The addition of de-ionized water in 100 mL volumetric flask should be at the
bottom of the meniscus exactly on the marked line…………………………..…0.5

vi.

Using an appropriate stopper to avoid solution leaking during thorough shaking of
the mixture………………………………….……….…………………………..0.5

vii.

The reason for why it was impossible for a student to dissolve 720 g of glucose in
100 mL volumetric flask (over saturation)…………………………..……….….. 2

viii.

Good sentence construction (organization, clarity, and style) and proper use of
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pronouns, adjective, and verbs……………………………………….……….....1.5
ix.

Good writing mechanics (spelling and punctuation)…………………..………..1.5

4.4.2. Data analysis for post-lab (reports submitted using CPR) and pretest/posttest
scores
The scores of all eight post-lab reports obtained through the CPR process and the
pretest and posttest scores were analyzed using “Student‟s” t-test, Analysis of Variance
(ANOVA-single factor),58 and the Fisher box plot. The t-test was used to confirm
whether the mean of two normally distributed scores are equal. Our null hypothesis states
that the mean values from pretest and posttest are not statistically different (i.e.,

H o : 1   2 ).
The ANOVA-single factor analysis was used in comparing the mean of more than
two samples to determine whether differences in the means are real or just random errors.
This was done in a single test with ANOVA rather than pair wise comparisons using the
t-test approach. ANOVA helped to compare the means and standard deviations of more
than two groups (in these case scores on pretest and posttest for students who used or did
not use CPR) and determined whether there was significance difference in variance from
one group to another. Our null hypothesis for ANOVA was that all pretest and posttest
variances are equal (i.e., H o :  1 =  2 =  3 = ......   k ) and k stands for a set of
2

2

2

2

scores in a give section.
The Minitab Program under Fisher Multiple Comparison package provided extra
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information, which could not be obtained through both t-test and ANOVA. We used a
box plot to analyze each individual section's score distribution. The plot shows the values
of mean and median of every section including outlier(s).
4.4.3. Data analysis on student questionnaire statements
Questionnaires regarding the effectiveness of writing skills, critical thinking, and
the overall value of using CPR were filled out by the students at the end of semester. The
questionnaire statements were written in positive manner (see Appendix II Section 4.13).
Each statement was rated by a student on a five point Likert-scale where one represents
strong disagreement, two represents more disagreement than agreement, three is in
between, four is more agreement than disagreement and five represents a strong
agreement. The mean and standard deviation of each statement from questionnaires were
computed. These data have revealed the general opinions of students about the
effectiveness of CPR for improving writing skills, critical thinking and overall value of
using CPR as an instructional tool.
4.5.

Results and Discussion

4.5.1

Comparison of CPR Post-lab reports submitted by Groups I and II
First, I compared the scores of the post-lab reports graded by the CPR program

for all sections in Group I. ANOVA and the Fisher multiple comparison box plot were
used to analyze average score of the two best post-lab reports (Group I) and (Group II)
out of four submitted by two groups using CPR. This analysis revealed that variance in
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scores between the individual sections in Group I was not significant (see Table 4.1),
indicating that the overall performance of these groups was approximately the same (F =
0.87, p > 0.57 at 0.05 alpha level), which is consistent with the null hypothesis ( H o :  1

2

=  2 =  3 = ......   k ). This conclusion remained the same even when Section 28, the
2

2

2

one with the lowest mean, was excluded in the analysis.
From the box plot in Figure 4.1 for Group I, the majority (8 out of 11 sections)
had mean scores above 16 (out of a possible 20 points), suggesting that the students had a
good learning outcome from the CPR process, even though the students only completed
four CPR reports. In the box plot shown in Figure 4.1, the median values of more than
half of the sections (12, 15, 16, 20, 27 and 34) are higher than the mean values. The
reason for these higher values appears to be due to outliers who had particularly higher
scores. The mean and median scores for Sections 24, 29, 30 and 31 are symmetrical,
indicating that the scores in those sections show an almost normal distribution. The
majority of students in Section 28 of in Group I scored below the mean (Figure 4.1). A
similar trend was also observed in Figure 4.9 when the same section did posttest
objective essay. This indicates that Section 28 was weaker than the rest or that the TA in
the section was ineffective.

156

Table 4.1: One way analysis of variance of average post-lab scores for Group I students
who submitted assignments 1-4 using the CPR program
Sections

No. of Students

12
15
16
20
24
27
28
29
30
31
34

19.00
15.00
14.00
21.00
17.00
21.00
11.00
20.00
20.00
19.00
16.00

ANOVA
Source of
Variation
Between Groups
Within Groups
Total

SS
76.90
1614.70
1691.61

Sum total of
scores
303.02
242.08
232.09
340.98
291.61
344.00
170.60
345.34
351.80
298.37
259.85

df
10.00
182.00
192.00

Average scores

Variance

15.95
16.07
16.58
16.24
17.15
16.38
15.51
17.27
17.59
15.70
16.24

11.92
12.22
6.35
14.54
2.82
9.12
16.53
3.04
3.17
12.83
7.60

MS
7.69
8.87

F
0.87

P-value
0.57

F-crit.
1.88

Figure 4.1. Post-lab Group I Scores for Students Who Submitted Assignments 1-4 Using
the CPR Program
24
22
20

Scores

18
16
14
12
10
8
6
4
12

15

16

20

24

27
28
Sections

29

30

31

34

Note: A box plot is depicting sections of numerical scores through the following
summaries: (1) The smallest score (sample minimum) (2) The lower quartile
(3) median (4) The upper quartile (5) The largest score (sample maximum)
(6) The data not included between whiskers symbolizes as a star, stand for
outlier (7) The dot inside the box represent the mean of the score in a
section, in addition, a dash (-) representing the median.
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Comparison of Group II score variances (see Table 4.2) revealed there was a
significant difference between the sections in this group F-value being significant at (F =
2.07, p < 0.01, 0.05 alpha level), and were consistent with the rejection of the null
hypothesis ( H o :  1 =  2 =  3 = ......   k ). This result could have been due to a
2

2

2

2

variation in student ability or variation in the quality of the TAs. However when Sections
18 and 37 were excluded, the variances in scores decreased significantly. Without these
two sections, H o :  1 =  2 =  3 = ......   k for Group II is accepted.
2

2

2

2

Table 4.2: One-way analysis of variance of average post-lab for Group II scores of
students who submitted assignments 5-8 using the CPR program
Sections

No. of Students

11
14
17
18
21
22
23
25
26
32
33
37
38
39
41

21.00
15.00
18.00
17.00
17.00
20.00
19.00
18.00
20.00
18.00
22.00
15.00
15.00
20.00
11.00

Sum total of
scores
355.40
240.06
298.28
228.74
277.74
319.89
312.94
311.20
318.28
273.17
337.46
205.37
223.00
306.35
173.14
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Average scores

Variance

16.92
16.00
16.57
13.46
16.34
15.99
16.47
17.29
15.91
15.18
15.34
13.69
14.87
15.32
15.74

5.11
4.62
4.43
20.59
7.67
13.27
12.57
2.91
10.17
8.03
9.98
17.44
10.70
9.22
9.89

ANOVA
Sources of variation

F

p-value

F-crit.

Comments

All sections

2.07

0.01

1.73

There is significant difference

Excluding section 37

1.79

0.05

1.76

There is significant difference

Excluding section 18

1.61

0.08

1.76

There is insignificant difference

Excluding sections
18 and 37

1.10

0.36

1.80

There is insignificant difference

The box plot in Figure 4.2 for Group II revealed that the majority (12 out of 15
sections) of the students mean scores were above 15 out of 20 points. Sections 18 and 37
had the mean scores of less than 14 points. Based on only four post-lab reports submitted
by the students‟ using CPR, these mean scores are only marginally lower than the Group
I scores, and can be considered to be moderately good based on average percentage score,
which is about 75%.
The values of medians of nine out of fifteen sections are higher than the means in
their respective sections, in which the majority of the students in these sections scored
above the average score. The median and mean values for Sections 11, 17, 18, and 32 are
almost symmetrical (scores are normally distributed). Regardless of the presence of
outliers in some sections, the effects appear to be cancelled out by some of the higher
scores in a given section. Section 18 showed similar results in post-lab (II), pretest and
posttest scores (Figure 4.2, Figure 4.10 and Figure 4.11), suggesting that this section
may have significantly weaker students or an ineffective TA.
Looking at both Figure 4.1 and Figure 4.2, it appears that the average CPR
performances of Group I and Group II are similar (Group = 16; Group = 15). This
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suggests that both groups are approximately the same in terms of ability (with the
exception of Sections 18 and 37) and that the levels of difficulty of the lab assignments
are approximately the same.

Figure 4.2. Post-lab Group II Scores for Students Who Submitted Assignments 5-8
Using the CPR Program
24
22
20
18

Scores

16
14
12
10
8
6
4
2

11

14

17

18

21

22

23

25

26

32

33

37

38

39

41

Sections

Note: A box plot is depicting sections of numerical scores through the following
summaries: (1) The smallest score (sample minimum) (2) The lower quartile
(3) median (4) The upper quartile (5) The largest score (sample maximum)
(6) The data not included between whiskers symbolizes as a star, stand for
outlier (7) The dot inside the box represent the mean of the score in a
section, in addition, a dash (-) representing the median.

4.6.

Comparison of pretest and posttest scores in response to CPR
Table 4.3 shows the score distribution of 523 students on an objective essay

question done as a pretest before using CPR. The objective essay question consists of the
following three major areas of focus (with a break down of the points associated with the
answers): writing skills (3.5 points), conceptual understanding (4.5 points), and critical
thinking (2 points). In regard to writing skills, the main focus was on good sentence
construction (organization, clarity, and style), spelling, grammar (proper use of pronouns,
adjectives and verbs), and punctuation. For conceptual understanding, students were
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expected to recognize the error in the description of the solution protocol described in the
experiment, and to calculate the correct amount of glucose required to make the
appropriate concentration solution. The student was expected to then correct the protocol,
describing the correct method for weighing the solute and preparing the solution. For the
critical thinking portion the students were expected to explain why the original amount of
glucose described in the incorrect protocol would have led to a saturated solution with
undissolved solute.
The grades as shown in Table 4.3 ranged from 0 to 9 out of a possible 10 points.
The means score for the pre-test for all sections was 3.24 ± 1.59 (see the histogram in
Figure 4.3). Descriptive statistics were used to check the extent to which the scores were
normally distributed, and skewness of the score distribution was determined. The overall
skewness of the score distribution is 0.53, and thus, the scores appear to fit a normal
distribution (Figure 4.3).

Figure 4.3. Frequency Histogram on Pretest Objective Essay Performance
for all Students
80

Mean 3.241
StDev 1.587
N
523

70

Frequency

60
50
40
30
20
10
0
0.0

1.5

3.0

4.5
scores
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6.0

7.5

9.0

Table 4.3: Frequency and points for student performance on pretest objective
essay
Frequency
9
28
17
30
49
69
80
72
68
40
24
16
9
9
5
9
4
3
1
0

Points
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
5.5
6
6.5
7
7.5
8
8.5
9
10

Table 4.4: Student pretest performance before using CPR Group I
Title
Stud.
%

WS
92
41

CU CT
17 11
8
5

WS + CU
2
-

WS + CT
3
-

CU + CT
1
-

WS + CU + CT WO
1
73
46

Writing skills = WS Conceptual understanding = CU Critical thinking = CT
Obtained less than minimum points in all three areas = WO

Table 4.5: Student pretest performance before using CPR Group II
Title
Stud.
%

WS
120
40

CU CT
17 12
6
4

WS + CU
20
-

WS + CT
12
-

CU + CT
9
-

Writing skills = WS Conceptual understanding = CU Critical thinking = CT
Obtained less than minimum points in all three areas = WO
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WS + CU + CT WO
5
151
50

We divided students into eight different categories based on their performance of
the objective essay as shown in Table 4.4 and Table 4.5. The students considered in this
classification are those who were able to obtain points between 2.5-3.5 for writing skills
(WS), 3.5-4.5 for conceptual understanding (CU), 1.5-2 for critical thinking (CT), and
those who obtained less than the minimum points in all three areas (WO).
Quantitative analysis of the above results (Table 4.4) of Group I with a total of
223 students in eleven sections revealed that 92 out of 223 students (41%) displayed good
writing skills, 17 out 223 students (8%) did well in conceptual understanding, and 11 out
of 223 students (5%) were good at critical thinking.
The same analysis (in Table 4.5) for Group II with a total of 300 students in
fifteen sections showed that 120 out of 300 students (40%) had good writing skills, 17 out
300 students (6%) did well in conceptual understanding, and 12 out 300 students (4%)
were good at critical thinking.
Students in both groups displayed some sort of problem with writing skills that
required improvement. The most common issues included incorrect capitalization,
formatting errors, incorrect use of the singular and plural pronouns (see Table 4.4 and
Table 4.5). Only 6-8% of the students in both groups did well on conceptual
understanding, most commonly due to difficulties with the understanding of the mole
concept and improper distinction between units of volume (liters and milliliters). On the
critical thinking part, only 4-5% of the students did well, most likely due to the
complexity of the problem. It is well known by almost every educator that critical
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thinking skills develops slowly as the student gains expertise in a subject.34 Critical
thinking requires evaluative and judgmental aspects, such as analyzing arguments, and
judging credibility of the event, which are developed over time.

Table 4.6: Frequency and points of student performance for Group I on posttest after
submission of assignments 1-4 using CPR
Frequency
4
1
4
7
13
21
33
26
20
19
13
12
8
8
2
5
7
2
1
-

Points
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
5.5
6
6.5
7
7.5
8
8.5
9
10
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Figure 4.4. Frequency Histogram for Students Performance for Group I on Posttest after
Submission of Assignments 1-4 Using CPR
40
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In the posttest analysis the total of students decreased from 523 to 424 due to
attrition during course. Analysis of the scores revealed that Group I (using CPR) had a
mean score of 3.95 ± 1.82, and Group II (not using CPR) had a mean score of 3.94 ± 1.73
(see Table 4.6 and Table 4.7; Figure 4.4 and Figure 4.5).
Figure 4.5. Frequency Histogram for Group II Student Performance on Posttest without
Use of CPR
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Table 4.7: Frequency and points of Group II student performance on posttest without use
of CPR
Frequency
1
3
3
11
14
16
35
28
27
23
17
5
10
12
1
4
3
3
2
-

Points
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
5.5
6
6.5
7
7.5
8
8.5
9
10

Descriptive statistics performed on scores of both groups (Figure 4.4 and Figure
4.5) for students who used or not used CPR, has revealed the extent of skewness for
scores distribution being 0.53 and 0.63 respectively. In both cases values are small and
close to zero which is a value for perfect normal distribution curve. This is generally
reflecting that students‟ abilities are approximately falling within the theoretical normal
curve. Because both means (Table 4.6 and Table 4.7) look approximately the same, we
cannot infer anything at this moment until when qualitative analysis is carried out later.
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Next we wished to compare the scores for writing skills, conceptual
understanding, and critical thinking for Groups I and II (Table 4.4 and Table 4.8, Table
4.5 and Table 4.9). We found that students in Group I, who used CPR, showed an
increase in writing skills (from 41% on the pretest to 60% on the posttest). We found a
very slight decrease in conceptual understanding (from 8% on the pretest to 7% on the
posttest) and a slight increase in critical thinking (from 5% on the pretest to 9% on the
posttest). The number of students in Group I who scored less than minimum points in all
three skills (WO) decreased from 46% on the pretest to 24% on the posttest with CPR
intervention (Table 4.4 and Table 4.8).
Even though students in Group II did not use CPR, the posttest scores for the
group as a whole showed significant improvement. Writing skills improvement increased
from 40% for the pretest to 51% for the posttest; critical thinking skills improved from
4% for the pretest to 10% for the posttest; and number of students who obtained less than
the minimum points in three areas (WO) decreased from 50% on the pretest to 33% on
the posttest (see Table 4.5 and Table 4.9.) However, the there was no improvement in
conceptual understanding for this group.
Group I with CPR intervention showed a significant improvement in writing skills
compared to Group II. Group I improved by 19% in writing skills, while Group II only
improved by 11%. However, the improvement in conceptual understanding for both
groups was nearly identical with and without the use of CPR. In the case of critical
thinking, Group I with CPR training improved by 4% while Group II without CPR
improved by 6%. These findings suggest that CPR had no effect on conceptual
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understanding or critical thinking.
Table 4.8: Student performance on posttest for Group I after submission of assignments
1-4 using of CPR
Title
Stud.
%

WS
123
60

CU CT
15 19
7
9

WS + CU
10
-

WS + CT
11
-

CU + CT
3
-

WS + CU + CT WO
3
49
24

Writing skills = WS Conceptual understanding = CU Critical thinking = CT
Obtained less than minimum points in all three areas = WO

Table 4.9: Students performance on posttest for Group II after submission of
assignments 1-4 without using CPR
Title
Stud.
%

WS
111
51

CU CT
13 22
6 10

WS + CU
10
-

WS + CT
8
-

CU + CT
3
-

WS + CU + CT WO
2
72
33

Writing skills = WS Conceptual understanding = CU Critical thinking = CT
Obtained less than minimum points in all three areas = WO

For the purpose of comparison of individual student pretest and posttest scores,
we carried out different analyses on the results using t-test, ANOVA-single factor, and
Minitab program under Fisher multiple comparison box plot. The results are as follows:
i)

The t-test
The t-test treatment of an objective essay results was carried out under null

hypothesis, which states that both pretest and posttest compared have an equal mean (i.e.,

H o : 1   2 ). Furthermore, it is reasonable to assume that posttest scores would be
expected to be greater than pretest scores. The results in Table 4.10 and Table 4.11 are
based on t-one tail that is directional. Through comparison of pretest and posttest scores
for Group I students who submitted assignment 1-4 using CPR, the results from the t-test
are summarized in Table 4.10. The table consists of four out of eleven sections (15,
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16, 20 and 24), which were shown to have significant differences between pretest and
posttest score means. These four sections have means that are above the theoretical tvalue as shown in the histogram in Figure 4.6. The analysis has revealed that 36.4% of
the sections have significant mean differences, as opposed to 63.6% of sections with
insignificant mean differences. However, the summation of all sections scores (pretest
and posttest for students who used CPR) revealed a t-test value (t = 4.18, p < 2x10-5) that
was statistically significant. Thus, the null hypothesis H o : 1   2 is rejected.
Table 4.10: The t-test results (pretest-posttest comparison) for Group I students who did
the posttest after using CPR
Section

Students

X1

X2

12
15
16
20
24
27
28
29
30
31
34

16
11
8
19
13
18
15
22
17
16
11

2.25
2.82
3.13
2.89
3.50
4.06
4.53
4.52
3.68
3.66
2.86

3.28
4.82
4.69
4.18
4.58
4.61
4.00
4.75
4.32
3.75
2.68

t-test
calculated
1.50
2.37
2.14
2.47
1.73
0.90
0.69
0.40
1.43
0.21
0.29
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t-one
tail
1.69
1.72
1.76
1.69
1.71
1.69
1.70
1.68
1.69
1.70
1.72

t-two
tail
2.04
2.08
2.14
2.03
2.06
2.03
2.05
2.02
2.04
2.04
2.09

P one
tail
0.07
0.01
0.02
0.01
0.05
0.19
0.25
0.35
0.08
0.42
0.39

P two
tail
0.14
0.02
0.05
0.02
0.10
0.37
0.50
0.70
0.16
0.83
0.78

Figure 4.6. The t-test Statistics Frequency Histogram for Students Performance on
Pretest-posttest after Submission Assignments 1-4 Using CPR with
Theoretical Value of t at 1.7 (t-one tail)
1.7

4.0
3.5
3

Frequency

3.0

3

2.5
2
2.0
1.5
1

1

1

1.0
0.5
0.0
0.0

0.5

1.0
1.5
Calculated t-test

2.0

2.5

Table 4.11: The t-test results (pretest-posttest comparison) for Group II students who did
posttest without the use of CPR
Section Students
11
14
17
18
21
22
23
25
26
32
33
37
38
38
41

20
15
16
18
15
14
16
17
20
18
15
15
13
22
11

X1

X2

3.28
2.90
3.22
2.33
2.90
3.29
3.50
3.65
3.50
2.72
2.90
2.93
2.54
4.41
3.23

3.95
4.23
4.16
3.31
3.87
4.32
3.06
4.38
2.50
3.42
3.93
4.27
3.85
4.11
4.41

t-test
calculated
1.40
1.99
2.06
1.87
1.42
2.37
0.90
1.54
0.05
1.77
1.82
2.04
1.90
0.49
1.72
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t-one
tail
1.69
1.70
1.69
1.69
1.70
1.70
1.69
1.69
1.68
1.69
1.70
1.70
1.71
1.68
1.72

t-two
tail
2.02
2.05
2.04
2.03
2.05
2.05
2.04
2.03
2.04
2.03
2.05
2.05
2.06
2.01
2.08

P one
tail
0.08
0.03
0.02
0.03
0.08
0.01
0.18
0.06
0.48
0.04
0.04
0.02
0.03
0.31
0.12

P two
tail
0.17
0.06
0.05
0.06
0.16
0.02
0.37
0.13
0.96
0.08
0.08
0.05
0.07
0.62
0.24

Figure 4.7. The t-test Statistics Frequency Histogram for Student Performance on
Pretest-posttest without Use of CPR Theoretical Value at 1.7 (t-one tail)
1.7
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2
1

1

1

1

1
0

0

0

0
0.00

0.25

0.50

0.75 1.00 1.25 1.50
Calculated t-test

1.75
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Among students who did not use CPR, the t-test revealed significant differences
between pretest and posttest scores from nine out of fifteen sections (Table 4.11 and
Figure 4.7). Hence, it can be concluded that only 60.0% of the sections have significant
differences in the mean, leaving 40.0% of the sections with a mean difference that is
insignificant. On other hand, the t-test analysis performed on the sum of all sections
scores (pretest and posttest for students who did not use CPR) yielded a value (t = 6.30 p
< 7x10-10) that was statistically significant. Thus, the null hypothesis H o : 1   2 is
rejected.
The overall t-test analysis performed on the pretest and posttest for both Group I
and II students revealed statistically significant improvements from both groups with
X 2 - X 1 (Posttest - pretest) = 0.63 for students who used CPR and X 2 - X 1 = 0.71 for

students who did not use CPR. There is insignificant difference of means between these
two groups when t-test was used to compare these two changes in means
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ii)

ANOVA
ANOVA-single factor analysis was performed on the Group I and Group II

pretest and posttest) scores. This test was applied based on the null hypothesis that all
scores in each section have equal variance (i.e., H o :  1 =  2 =  3 = ......   k ). A
2

2

2

2

separate analysis was performed to identify difference in performance between Group I
and Group II. The calculated F-values indicate the existence of significant differences in
variances for the two groups, which can be seen in Table 4.12, (F = 2.94, p < 3x10-5) and
Table 4.13 (F = 2.20, p < 4x10-4). Thus, the null hypothesis H o :  1 =  2 =  3 =
2

2

2

......   k is rejected for both Group I and Group II.
2

Table 4.12: One-way analysis of variance of scores for Group I students who did pretest
and posttest after using CPR
Groups
BF12
AF CPR
BF 15
AF CPR
BF 16
AF CPR
BF 20
AF CPR
BF 24
AF CPR
BF 27
AF CPR
BF 28
AF CPR
BF 29
AF CPR
BF 30
AF CPR
BF 31
AF CPR
BF 34

Count
16.00
16.00
11.00
11.00
8.00
8.00
19.00
19.00
13.00
13.00
18.00
18.00
15.00
15.00
22.00
22.00
17.00
17.00
16.00
16.00
11.00

Sum
36.00
52.00
31.00
51.00
25.00
37.00
55.00
79.00
45.50
59.00
73.00
83.00
68.00
60.00
99.50
104.50
62.50
73.50
58.50
60.00
31.50
172

Average
2.25
3.28
2.82
4.68
3.13
4.69
2.89
4.18
3.50
4.58
4.06
4.61
4.53
4.00
4.52
4.75
3.68
4.32
3.66
3.75
2.86

Variance
3.40
4.17
3.76
3.06
1.91
2.35
1.24
3.92
0.92
4.12
4.64
3.19
3.55
3.46
3.08
4.21
0.84
2.62
0.69
2.40
3.35

AF CPR
ANOVA
Source of
Variation
Between
Groups
Within Groups

11.00

29.50

SS
180.29
905.47

df
21.00
310.00

1085.76

331.00

MS
8.59
2.92

2.68

F
2.94

0.96

p-value
0.00003

F-crit.
1.59

Total
BF: pretest, AF CPR : posttest for student who submitted assignment 1-4 using CPR program, AF-No CPR :
posttest for students who did not use the CPR program

Table 4.13: One-way analysis of variance for scores of Group II students who did pretest
and posttest without the use of CPR
Groups
BF 11
AF-No CPR
BF 14
AF-No CPR
BF 17
AF-No CPR
BF 18
AF-No CPR
BF 21
AF-No CPR
BF 22
AF-No CPR
BF 23
AF-No CPR
BF 25
AF-No CPR
BF 26
AF-No CPR
BF 32
AF-No CPR
BF 33
AF-No CPR
BF 37
AF-No CPR
BF 38
AF-No CPR
BF 39

Count
20.00
20.00
15.00
15.00
16.00
16.00
18.00
18.00
15.00
15.00
14.00
14.00
16.00
16.00
17.00
17.00
20.00
20.00
18.00
18.00
15.00
15.00
15.00
15.00
13.00
13.00
22.00

Sum
65.50
79.00
43.50
63.50
51.50
66.50
59.50
43.50
43.50
58.00
46.00
60.50
56.00
49.00
62.00
74.50
70.50
71.00
49.00
61.50
43.50
59.00
44.00
64.00
33.00
50.00
97.00
173

Average
3.28
3.95
2.90
4.23
3.22
4.16
3.31
2.90
2.90
3.87
3.29
4.32
4.32
3.50
3.65
4.38
3.53
3.55
2.72
3.42
2.90
3.93
2.93
4.27
2.54
3.85
4.41

Variance
1.51
3.13
2.04
4.67
1.20
2.12
2.83
2.04
2.04
4.87
0.72
1.95
1.95
2.10
1.40
2.45
1.46
3.63
1.39
2.54
2.54
2.25
3.96
2.42
1.60
4.64
4.47

AF-No CPR
BF 41
AF-No CPR
ANOVA
Source of
Variation
Between
Groups
Within Groups

22.00
11.00
11.00

90.50
35.50
48.50

SS
167.88
1207.83

df
29.00
460.00

1375.72

489.00

MS
5.79
2.63

4.11
3.23
4.41
F
2.20

3.36
4.97
5.54
p-value
0.0004

F crit.
1.49

Total
iii)

Fisher multiple comparisons
The Fisher multiple comparisons package provided extra information that cannot

be obtained through use of both t-test and ANOVA. The part of the package that was
most useful to us was a box plot, which shows the score distribution of the various
laboratory sections. The plot displays the values of mean and median of every section
including any outliers.
The box plot scores for Group I are shown in Figure 4.8 and reveals that the
mean and median scores for the majority of sections are almost identical, with the
exception of slight differences noted in Sections 27 and 28. In these two sections, three or
more students in each section obtained relatively high grades (7 to 8 out of 10 points) as
compared to other students in their respective sections. It is apparent from the box plot in
Figure 4.8 that the majority of student scores are clustered around the mean.
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Figure 4.8. The Plot for Pretest Performance of Group I Students Who Later Submitted
Assignments 1-4 Using CPR
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Note: A box plot is depicting sections of numerical scores through the following
summaries: (1) The smallest score (sample minimum) (2) The lower quartile
(3) median (4) The upper quartile (5) The largest score (sample maximum)
(6) The data not included between whiskers symbolizes as a star, stand for
outlier (7) The dot inside the box represent the mean of the score in a
section, in addition, a dash (-) representing the median.

The scores box plot presented in Figure 4.9 for posttest scores of Group I
students indicates that most of the sections showed nearly identical mean and median
values, the exceptions being Sections 24 and 30, whose medians are lower than their
respective means. This is due to the significantly higher score increases of three students.
In general, all sections had mean scores slightly above 4 points, as compared to the scores
in the pretest. Many students in Section 20 had above-average scores, including one
outlier who had 9 points (Figure 4.9). The plot shows that the posttest performance of
Section 34 remained almost the same pretest, whereas Sections 28 and 34 had lower
posttest means in comparison with their pretest mean scores.
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Figure 4.9. The Plot for Group I Student Posttest Performance after Submission
Assignments 1-4 Using CPR
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Note: A box plot is depicting sections of numerical scores through the following
summaries: (1) The smallest score (sample minimum) (2) The lower quartile
(3) median (4) The upper quartile (5) The largest score (sample maximum)
(6) The data not included between whiskers symbolizes as a star, stand for
outlier (7) The dot inside the box represent the mean of the score in a
section, in addition, a dash (-) representing the median.

The box plot shown in Figure 4.10 pretest for Group II shows that the medians of
eight out fifteen sections are different from their respective means. This is due to the
fluctuation of student scores, whereby a few individuals in the sections obtained higher
grades as compared to the majority of students in the respective sections. The median
values for Sections 17, 23, 33, 37 and 39 are lower than their respective means. Only the
median of Section 25 is higher than its mean value. Section 39 had both the highest mean
and the highest median.
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Figure 4.10. The Plot for Group II Student Pretest Performance Who later Submitted
Assignment 1-4 without Use of CPR
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Note: A box plot is depicting sections of numerical scores through the following
summaries: (1) The smallest score (sample minimum) (2) The lower quartile
(3) median (4) The upper quartile (5) The largest score (sample maximum)
(6) The data not included between whiskers symbolizes as a star, stand for
outlier (7) The dot inside the box represent the mean of the score in a
section, in addition, a dash (-) representing the median.

The box plot in Figure 4.11 for Group II posttest scores shows that for most of
the sections, both means and medians are the same. Sections 26 and 38, which have mean
and median differences, are the exceptions. In both cases the mean values are higher than
the median. The variations between means and medians observed in these two sections
are due to outliers. This can be observed in Section 26, where students changed their
scores from 2.5 to 8 and two students in Section 38 changed their scores from 2.5 to 8.5.
The general performance on the posttest appears to be wave-like from one section
to the next (see Figure 4.11). Sections 23 and 39 had lower mean scores in the posttest as
compared to the pretest. It is not clear why the mean for Section 39 dropped when it had
the highest pretest score.
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Figure 4.11. The Plot for Group II Student Posttest Performance Who did not Use CPR
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Note: A box plot is depicting sections of numerical scores through the following
summaries: (1) The smallest score (sample minimum) (2) The lower quartile
(3) median (4) The upper quartile (5) The largest score (sample maximum)
(6) The data not included between whiskers symbolizes as a star, stand for
outlier (7) The dot inside the box represent the mean of the score in a
section, in addition, a dash (-) representing the median.

4.7.

Results of the questionnaire on student attitudes about the CPR process

4.7.1. Do peer reviews improve writing skills?
Students did not feel that the CPR program contributed to their writing skills (see
Table 4.14). The mean rating scores for each of the writing skills statements ranged
between 1.6 and 2.0 on 1-to-5-point Likert scales. The overall mean rating falls within
two choices, strong disagreement and more disagreement than agreement, which suggests
that, for some reason, the students did not like using the CPR program as a tool for
submitting post-lab reports. This finding is contrary to the observation by Walvoord et
al.24 that students generally agreed (more than they disagreed) that their writing skills had
improved with CPR and that they preferred submitting their papers using the CPR
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program rather than turning in papers in the traditional way. However, contrary to the
students‟ opinion in our questionnaire, the students‟ posttest on an objective essay after
the use of CPR showed some improvement over the pretest results.

Table 4.14: Student ratings of the value of CPR in improving writing skills; the scale for
this instrument ran from 1 (strong disagreement) to 5 (strong agreement)
Writing Skill Statement

1.
2.

3.
4.
5.

6.

7.

Mean
(N=400)
Peer review processes in CPR helped increase my writing
1.6
skill.
My reviews of my peers‟ papers in CPR were helpful to
2.0
me in learning how other students organize their points in
writing.
My reviews in CPR of my peers‟ papers enabled me to
1.9
identify errors in spelling.
Comments from my peer reviewers from CPR of my
1.7
papers were helpful in writing chemistry reports.
Comments provided by my peer reviews in CPR of my
1.8
papers were helpful to me for identifying proper use of
chemistry terms.
Comments provided by my peer reviewers from CPR of
1.8
my papers were beneficial to me such that it is unlikely I
will commit the same mistakes in the future.
Learning through multiple exposures to the assignment1.9
related material has helped my writing skills.

sd
0.9
1.1

1.1
1.0
1.0

1.0

1.1

It was my general observation that in the pretest, the majority of students were not able to
write an essay with the format required in the question, but after using the CPR program
a slight improvement in writing skills was noted. Quantitatively, these changes amounted
to a 19% improvement in writing skills. This slight improvement answers our research
question, although it somehow contradicts the students‟ own responses on the
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questionnaire. Observable gains in writing skills do not happen suddenly. We can expect
real gains in writing skills only when we consistently demand coherent writing. Then we
should see improved writing abilities in our students.
4.7.2. Does CPR improve critical thinking?
The mean rating ranged from 1.8 to 2.2 on a scale of 1-to-5 point Likert scales
(Table 4.15). The mean average rating indicates that students disagreed more than agreed
that the use of the CPR program helped to develop their critical thinking, self-assessment,
and/or active learning.

Table 4.15: Student ratings of the value of CPR in improving critical thinking skills; the
scale for this instrument ran from 1 (strong disagreement) to 5 (strong agreement)
Critical Thinking Skills Statement

1.
2.

3.
4.
5.

6.
7.

Mean
(N=400)
The peer review process in CPR helped me to develop
1.9
critical thinking skills.
My reviews in CPR of my peers‟ papers required careful
2.1
reading and in the process I developed critical thinking
skills.
The comments written by my peer reviews provided me an
1.8
opportunity to engage in conceptual understanding.
The comments written by my peers‟ reviews from CPR
2.1
pressured me to be responsible about reading the content.
Comments provided by my peers‟ reviews from CPR
2.0
pressured me to think critically during my assignment
writing.
Comments from my peers‟ reviewers from CPR have
1.9
provided me a sense of accountability and active learning.
Critiquing peers‟ enhances my self-critique and promotes
2.2
realistic self-assessment.

sd
1.1
1.1

0.8
1.2
1.2

1.1
1.2

A similar opinion was observed by Walvoord et al.24 , whose student population
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also exhibited more disagreement than agreement about the helpfulness of the CPR
program in enhancing critical thinking. Given the attitude of the students, it is difficult to
know if the CPR program actually enabled them to improve their critical thinking skills.
As previously mentioned,34 critical thinking develops slowly, through constant practice,
so one cannot expect the submission of four post-lab reports using the CPR program to
effect radical changes in critical thinking. In our case, the students who submitted their
post-lab reports using the CPR program did not exhibit superior critical thinking skills on
the posttest objective essay than those students who did not use CPR.

Table 4.16: Student ratings of the value of using CPR to submit post-lab reports; the
scale on this instrument ran from 1 (strong disagreement) to 5 (strong agreement)
Values of Using CPR Statement

1

2.

3.
4.
5.

6.

Mean
(N=400)
The calibrated peer review (CPR) program is the best and
1.3
most convenient tool to use in submitting Chem. 123L
assignments.
The CPR program enables high levels of interaction
1.5
between students themselves as well as students‟ with the
instructor.
Using the CPR program helped me to identify and fill in
1.7
knowledge gaps in my skill and abilities.
Through using CPR one can significantly improve writing
1.7
skills.
The CPR program saves time and has provided me the
1.4
chance to build my self-confidence in writing scientific
reports.
Using the CPR program in doing my assignments has
1.7
promoted higher orders of thinking abilities.

sd
0.7

0.9

1.0
1.0
0.9

0.9

The questionnaire aimed to discover the students‟ attitudes on the use of the CPR
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program submit their post-lab reports. Generally, the rating of the benefits in using the
CPR program fell within the mean range of 1.3 to 1.7 on a 1-to-5-point Likert scale (see
Table 4.16). The students‟ responses basically expressed strong disagreement that CPR
as a timesaving tool when submitting laboratory assignments, and also disagreed that the
CPR program promotes interactions among students and/or improves critical thinking
ability. This attitude has also been noted by other research groups,54 perhaps because of
the students‟ perception is that using the CPR program is too much work. Although CPR
has proven to be a worthwhile tool that enhances or promotes writing skills, critical
thinking, and interaction among students, for beginners it appears to be a waste of time.
Although the students were not given a formal opportunity to make extra
comments on the questionnaire, approximately 15% of the anonymous respondents wrote
comments, expressing their view that the CPR program required too much work.
Walvoord and his co-researchers24 reported that approximately 10% of their respondents
held the same attitude. In our case study, some of the students expressed their anger and
feared that their grades would be lowered because of the dishonesty of some of their
peers, who they felt lacked grading experiences and did not take their work seriously.
Others presumed that the grading was inconsistent and unfair, while still others said that
they already knew how to write, and that, in any case, the course was a chemistry course,
not an English class. Other complaints included the lack of clear, detailed explanations of
how to use the CPR program. Generally speaking, the negative comments by the students
outnumbered the positive ones. This overall low rating of the CPR program by the
students, which appears to be typical for this type of questionnaire, was also observed by
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other research groups.50,59
Positive comments were given by less than 1% of the respondents, who said that
CPR helped them understand all aspects of laboratory work. Few respondents, however,
stated that the use of the CPR program was educational. Others mentioned that the work
involved in using CPR was equivalent to a three-credit course, rather than just one credit.
On the positive side, students did not complain about a lack of computers or CPR
accessibility. In the past, one of the major problems in implementing similar technologies
to CPR had been a lack of computers.60.61
4.7.3. Students’ attitude towards using the CPR program and its consequences
Student animosity toward using the CPR program, particularly among first-time
users, seems to be common phenomenon. There may be a number of reasons for this:
e.g., the newness and unfamiliarity of the method and/or a general lack of attention when
reading the first essay, which is critical for the later calibration step. If the initial
evaluation is poor, it will affect the calibration of the final individual score. The system
appears “unfriendly” to some students, who prefer to submit their assignments at the last
minute, despite the fact that sufficient time is provided (from days to weeks) for them to
accomplish each of the assignments. Work performed under such circumstances is likely
to receive a low score, since more time is probably needed to comprehend the questions
being asked. Such shortcuts taken by students when submitting assignments will
undoubtedly undermine the anticipated results of their learning.
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Students frequently lack the ability to write well, since they have not had
sufficient opportunity to communicate their thoughts in essays. The CPR program offers
them the opportunity to improve their writing skills, although it is a fact that students are
concerned about being over-worked.
Understanding early on that honesty is a basic prerequisite of using the CPR
program is important, if one is to avoid being penalized by the program. Penalization
often happens when a student awards a grade that is too low or too high a grade, either
during calibration or when reviewing one‟s own work or the work of peers. The CPR
program awards points to students based on how closely the grades they have provided
agree with the weighted average from their own reviewers, not from the grades they have
awarded themselves.
During the fall of 2010 semester both instructors and TAs were constantly
reviewing as many students‟ reports and reviews as possible. Some students were also
contacting the instructor to request a review of their grades.
4.8.

What can be done to improve student attitudes towards CPR?
Due to the complexity of the CPR program (and the amount of time it takes to use

it), students have negative attitudes toward the program. Such negative attitudes, which
have also been observed by other research groups,18,49,60,61 remain a problem in our
findings. Students may well have a negative attitude to any writing assignment that
requires the use of new technology (e.g., CPR) for the first time; we should therefore
make an effort to encourage and help students who are still resistant to using such
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technology. We should also help those students who have difficulties in adapting to the
active and independent approach to learning that is promoted by the CPR program, since,
in the end, such work is quite worthwhile.
Changing the negative attitudes of students to using CPR will require a conscious
effort. It is important to catch the students‟ interest in CPR at the very beginning of a
course. This will require a detailed explanation of its advantages and benefits, including
the goal of using CPR, namely, to improve writing skills and critical thinking/reading.
One should also provide students with the available data from previous courses that
compare scores obtained using the CPR program with essay assignments graded by the
instructor, pointing out that the use of CPR could largely reduces the subjective nature of
evaluating written work. This can be important, since essays graded by instructors may
well be influenced by extraneous factors, such as, essay length or handwriting quality.6265

At times a grade may also be influenced by whether the student is attractive or

unattractive,66 male or female,67 or bright, persistent or lazy.68 Under such circumstances,
it is obvious that a grade may not necessarily be representative of a student‟s actual
ability.
The literature provides evidence of dramatic variations in scores awarded
identical essays by different raters.62,69 There are numerous instances of rater
inconsistencies, not only between or among different raters, but also by the same rater on
different occasions.70 The sources of instructor grading errors are many (e.g., leniency or
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inconsistency, particularly when grading a large class). The CPR program might to a
large extent provide a more objective-grading alternative to the course than having the
instructor grade the reports. Currently, such problems can perhaps best be alleviated by
adopting the CPR program, since the CPR program provides final grades automatically
and, more importantly, makes the assessment more consistent and objective.
By awarding extra credit for the first assignment, learning how the system works,
one can reduce the number of student complaints.24,50 Some literature reveals that, as
students used CPR for a second or third time, they naturally became more conversant
with the program; and the number of complaints dropped dramatically.50,54 To ensure that
students are comfortable with the CPR program, before starting recording students‟
grades. This should be done when students have sufficient experience with the system
and understand the settings that work best for their class. Furthermore, there should be
concise written questions in the CPR that cover all essential criteria, and address the
topic, of the writing assignment that the students are working on at the time.
At the beginning of the course, it should be explained to the students that careful
reading and an understanding content is fundamental to using the CPR program. Unless
students comprehend what they read, they can hardly answer the questions. In such a
case, they will receive a low score in the calibration step.
Instructors should always be flexible in adjusting deadlines as circumstances
requires. For day-to-day follow-up, the students should know when the CPR site is
inaccessible. This will reduce student frustration, particularly when the system will be
inaccessible close to an assignment deadline. It is also important for the TAs to have
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better training on how the CPR program works, since this will enable them to better assist
students in need. Deadline sheets for all assignments should be distributed to the students,
and reminders should be sent to them by email. Furthermore, students should be made
aware that, after they have submitted their assignment through CPR, they can continue to
revise it until the specified deadline.
Despite the fact that, according to student opinion, using the CPR program
requires too much work, at the moment there is no other appropriate method that is able
to address the writing problems encountered in courses taken by large number of
students; and instructors frequently silently accept poor writing because of the laborintensive nature of teaching basic writing skills. Extensive laboratory work contributes to
the problem, as does the acceptance of mathematics as a language, all adding up to poor
writing in the chemistry curriculum.
As mentioned before, writing skills develop over time, as students are given
writing assignments in their courses, so it would be a mistake to expect radical changes in
student writing skills after a submission of only four post-lab reports. Also, we should
remember that it is a general tendency for human beings to resist change in working
habits. If a great effort is invested, however, and if the advantages of a new phenomenon
(CPR) are made known to them, change is almost always inevitable.
Our study has one important limitation to bear in mind, namely, its assessment on
the use of the CPR program was limited to first-year chemistry students over the course
of one semester. Our findings are therefore restricted to a one-semester timeframe, since
our project design did not allow a continuous assessment of the same students for more
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than one semester. We believe that this limited timeframe has influenced the responses to
some of our research questions (on conceptual and critical thinking), notably those that
require a certain amount of assessment time in order to obtain comprehensive answers.
4.9.

Conclusions
Conclusion 1. The results have shown that Group I and Group II students who

took general Chemistry (CHEM 123L) in the fall 2010 and submitted four post-lab
reports using the CPR program, showed average scores of 80% and 75% respectively,
based on the two highest scores. This implies that students gained a better understanding
of how to use the CPR program, but the knowledge gained by using CPR did not seem to
improve student performance on the posttest (as we will discuss later). Also, the low
rating that the students gave the CPR program on the questionnaire does not correlate
with the good post-lab scores obtained by the students. We will need to investigate this
phenomenon further in order to determine the sources of such an inconsistent
relationship.
Conclusion 2. From the results of quantitative analyses, we agree that there is
evidence that CPR improves writing skills, as previously reported45-50. CPR increases
the proficiency of students who were deficient in all three areas: writing skills,
conceptual understanding and critical thinking. Our investigation has found that, for
students in Group I who used the CPR program before posttest, their writing skills
improved by 19% from the pre-test, whereas the students in Group II who did not use
CPR improved by 11%. This implies that CPR had a direct impact on student writing
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skills, which answers our first research question. Furthermore, there was a 22%
improvement in students who were not proficient in any of the areas (WS, CU and CT)
but who used CPR; non-proficient students who did not use CPR improved by only 17%.
This suggests that CPR may have the largest effect on those students with the weakest
preparation. However, our results indicate that CPR had little effect on conceptual
understanding or critical thinking. This answers our second research question regarding
the potential impact of CPR on CU and CT.
Our study has revealed non-quantifiable qualities during my grading of the
student essays, particularly for those students who used CPR before writing the posttest. I
observed that the students‟ writing in the posttest essay was good (students were able to
starting write a paragraph and connecting points together in essay format) compared to
their pretest, in which most of them were unable to write in the essay format as it was
asked in the essay question (pretest or posttest). A majority of students in the group that
took the posttest without using CPR could not write in essay format; their grades seemed
to improve, however, because some of them were able to obtain the correct calculation
requested in the posttest, which they had not obtained in the pretest.
Conclusion 3. Statistical analyses (t-test and ANOVA) of pretest and posttest
scores show significant differences for both CPR-users and non-CPR-users. This
implies that the improvement noted in posttest performance is not necessarily due to
the use of CPR. When t-test analysis was performed on the sum total scores (pretest and
posttest for students with or without use of CPR) revealed significant mean differences in
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pretest and posttest for both groups i.e., H o : 1   2 is rejected. The results imply that,
the posttest performances for students with or without use of CPR have some
improvements compared to pretest results.
The statistical analysis comparison performed by using ANOVA on the pretest
and posttest scores of both groups (CPR-users and non-CPR-users) revealed the existence
of significant variance differences; i.e., H o :  1 =  2 =  3 = ......   k is rejected.
2

2

2

2

Both t-test and ANOVA analyses have therefore revealed existing differences
between pretest and posttest scores, regardless of whether or not the group used CPR to
submit their post-lab reports. The statistical analysis gave us little reason to link the use
of the CPR program and student improvement. The establishment of such a link would
require continuing, long-term research on both students who are using CPR and those
who are not, since our (limited) study of the two groups has shown the same results.
Our study indicates a slow learning-transfer among students, particularly among
those students who used the CPR program for submitting four post-lab reports before
taking the posttest. These students were expected to do better than non-CPR-users
because the program contains basic necessary requirements that should have helped them
in responding to the posttest. The concept of learning transfer should therefore be
explained to students at the beginning of the course.
Conclusion 4. Feedback from students on the survey questions regarding the
usefulness of CPR indicates that students have a low opinion of the program as rated
on 1-to- 5-point Likert scale. This basically means that students were not comfortable
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using CPR to submit post-lab reports. On the questionnaire, students gave low ratings on
the issue of whether CPR helped them improve their writing skills. The majority of
students strongly disagreed or disagreed more than agreed to the notion that CPR
improved their writing skills, with their ratings ranging from 1.7 to 2.2 on a 1-to-5-point
Likert scale. Student attitudes to the CPR program remain a major challenge in our study,
regardless of whether it can help students to learn or not.
The students also gave a low rating to the idea of CPR being a time-saving tool
for submitting chemistry laboratory reports. This was the response by the majority of the
students, who strongly disagree that CPR is time-saving tool that promote interactions
among students. As previously reported, this seems to be a common response among
beginners,24,50,54 which may be due to a general lack of enthusiasm for, and preconceived
notions about, the CPR program. The low rating (1.7 to 2.2) by students on this issue,
indicates that the students generally disagree with our suggestion that CPR is a useful tool
for submitting post-lab reports (Question 3).
4.10.

Future directions
In conclusion, I should like to propose some suggestions for changing the way

students view the use of the CPR program. First, a concerted effort should be made to
offer an intensive training to all prospective CPR-users at least 2 hours before they are to
start using the program. Ideally, this would be augmented by a copy of basic instructions,
which should be helpful during implementation. The CPR program will surely be more
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effective if adequate training on the program is also provided to the TAs. If such steps are
taken, utilizing the CPR program should become less of problem over time. This has been
observed by other research groups who used web-based technology (information
communication technology-ICT,71 web-based self- and peer-assessment system-WebSPA72, WebCTTM73) similar to CPR.74
Second, continuous and rigorous evaluation of student views of CPR should also
be performed during the course of a semester. A data collection for multi-semester
changes in student writing skills, both CPR-users and non-CPR-users, would also be
important. As other research groups have noted,75,76 an evaluation of new methodologies
from viewpoint of usability and educational effectiveness is also important when a new
instructional technology (e.g. CPR) is initiated. One should also consider incorporating
more subjective questions into the questionnaire and measure how they impact the
students writing skills. Thus, in order to better implement the CPR program, one should
also take the students‟ suggestions into account.
Third, the CPR program should be used not only by freshman in a single course,
but rather continuously during the entire course of their college life, since even secondyear students, who are expected to have good writing skills, have been found to exhibit
varying qualities of writing (Kovac et al.5). Continuous training in writing will make the
tracking of student progress using CPR quite easy. This should gradually enhance student
interest in taking responsibility for their own learning through mutual collaboration and
increasing knowledge with fellow students.
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4.12.

Appendix II

The determination of empirical formula from experimental data.
Top
Use your actual data from lab to answer all of the following questions. Use your lab
manual for help with calculations. Instructions for CPR and grading can be found in
WebCT.
Top
Top
Based on your experimental data from your lab Experiment 4, answer the following
questions. You need to address the questions listed in the next section. You should NOT
give your answers without providing a logical explanation according to the principles of
stoichiometry and the experiment.
Download the data submission template from webCT for this experiment. Before
submitting your essay make sure you have included all of your data in the essay as laid
out in the template. Your data will be necessary to the students that are grading, and
you will be marked off points if your data is not clearly displayed.
Top
1. Describe the hypothesis you wrote in the pre-lab and write a conclusion for your
experiment and include data and explanation whether your hypothesis was supported or
not supported. Comment on experiment error and possible ways to prevent this error. If
you find you have no error, comment on precautions taken to avoid the error.
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2. What is the empirical formula of magnesium oxide according to your calculations
based on your experimental data? Describe steps taken and show calculations made to
determine this formula.
3. Based on your experimental data calculate the empirical formula of Zinc ferrocyanide.
Provide a logical step-by-step explanation of how you reached your result.
Top
Again, do not forget to present calculation steps and logical reasons for your answers.
The answer for each question should be labeled clearly in separate paragraphs (to create
separate paragraphs insert the tag < p > or < br > without spaces). Please also check your
writing for (1) errors in the tenses used in the verbs, (2) run-on sentences, (3) sentence
fragments, and (4) abbreviations
Assignment Preview Close
Title: Duplicate of Experiment 4: Stoichiometry
NOTE: This preview only displays saved data.
Assignment Goals
Source Material
Source Material Resources:
Instructions for CPR - Getting started and useful tips
URL:
http://cpr.molsci.ucla.edu/cpr/data/designers/y/y11162/assignments/200019/resources/res
001/file/RelativeResourceManager.pdf
Instructions for grading CPR - How to determine the "rating" for each text. The rating is
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determined only by the formula, not by judgment and it is NOT ARBITRARY.
URL:
http://cpr.molsci.ucla.edu/cpr/data/designers/y/y11162/assignments/200019/resources/res
002/file/Instructions for grading using the rubric.pdf
Student Instructions
Guiding Questions
Writing Prompt
Preview Assignment Page 1 of 10
http://cpr.molsci.ucla.edu/cpr/cpr/designer/activation/preview_all.asp?loginID=y11162&i
_... 3/23/2011
that is not defined.
Remember to check the Student Instructions for HTML tags.
An easy way to generate an HTML-coded essay is to write the essay in Microsoft Word.
Go to File, Save As and select Web page in the Save as Type box. Then in your browser
open the file you just saved under File and Open. Then select the essay you just wrote
from where it was saved. Once open right click on the essay and select View source and
scroll down to find your essay. The essay usually begins after the tag "body" and ends
after "/body" tag. Copy your essay and paste it into the CPR text box.
Top
Average Calibration Word Count = 438
Calibrations and Answer Keys
High Quality Calibration
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1. Hypothesis: If the molar ratio can be determined from weight measurements and
combustion, and the combustion goes to completion, the empirical formula can be
calculated. Based on the oxidation states of these two elements, I hypothesize the
empirical formula will be MgO. Also, the stochiometric ratio between zinc and
ferrocyanide can be indicated by the color of the complexing agent and will be
Zn2(Fe(CN)6) based on the charges of the intermediate species. From my experimental
data, one mole of oxygen reacted with one mole of Mg after converting all of the data
into moles. This data supports my hypothesis because I found the exact empirical formula
I had guessed. For the second part of the experiment, my data do not support my
hypothesis because the zinc ferrocyanide formed as an ion not in a double replacement
reaction. The correct stoichiometric relationship was seen in the test tubes at the
transition point between the colors. Those test tubes had the correct 3:2 mole ratio for Zn
and ferrocyanide. Possible sources of error may include the reaction with magnesium and
diatomic nitrogen or not allowing the Mg to fully combust. Also in the second part of the
experiment, if measurement was not very careful, the stoichiometric ratio could have
been altered. I found there was no error in the empirical formula of MgO found. I
prevented problems by allowing full combustion with oxygen available. I checked and
rechecked the mass of my crucible until no mass change was present. I converted all of
the Mg nitride into MgO. I made sure there were few sources for contamination. 2. The
empirical formula of magnesium oxide is MgO. From the experimental data, the number
of grams of Mg is the difference between the empty crucible and the crucible with Mg.
The mole of Mg present is the mass divided by the atomic mass of Mg.
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17.849g-17.539g= .310g Mg
.310g/24.305g/mol= .01276mol Mg.
The grams of oxygen reacted would be the difference between the crucible with Mg and
the crucible with products. The moles of O reacted will be the difference in mass divided
by the atomic mass of O.
18.016g-17.840g= .176g O
.176g/16.0g/mol= .011 mol O To find the mole ratio I will set the number of moles of
each as a ratio and find the smallest whole number ratio.
.0128/.011= 1.16
The mole ratio is very close to 1:1. This means that the empirical formula contains 1
mole of Mg and 1 mole of O, because empirical formulae are the simplest molar ratios of
the elements in question. So the empirical formula is MgO. 3. To find the empirical
formula of Zinc ferrocyanide, the color transition in the two sets of test tubes must be
carefully analyzed. For the first set of test tubes, the zinc concentration was kept constant.
The color transition between whiteish and green occurred in test tube 4 because 5 was
completely white and 3 was already very green. For the second set of tests the
ferrocyanide was kept constant and the zinc was added. Here the transition between
whiteish and blueish happened in test tube 7 because 6 was completely white and 8 was
already blue. Therefore, the correct ratios are in test tubes 4 and for 3 mL Zn to every 2
mL ferrocyanide. To calculate the empirical formula from this we need to find the
number of moles of each reagent in that volume. To get moles of both reagents, I will
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multiply the molarity of the solution by the volume in the correct ratio to get the number
of moles. Then to get the mole ratio I will divide the number of moles of Zn by the
number of moles of ferrocyanide.
Zn: .1 M*.003L=.0003 mol
Fe(CN)6: .1 M*.002L=.0002 mol
.0003/.0002=3:2 mole ratio.
From this mole ratio the empirical formula of Zinc ferrocyanide is Zn3(Fe(CN)6)2
-2 because the mole ratio is always expressed as the simplest ratio of whole numbers.
1. For question 1 the following should be present: hypothesis statement; data
supporting or not supporting the hypothesis and explanation; concluding
statements.
Preview Assignment Page 2 of 10
http://cpr.molsci.ucla.edu/cpr/cpr/designer/activation/preview_all.asp?loginID=y11162&i
_... 3/23/2011
A: All requirements are addressed in detail
B: Most requirements present with some detail
C: Some requirements addressed
A
B
C
Answer: A
Feedback : Great detailed hypothesis, evidence of data supporting is present and
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explanation of data.
2. For question 1: Was there a meaningful explanation presented for the potential
experimental error in determining the empirical formula? Did the essay include
steps that could be taken to avoid the same experimental error next time?
Examples of meaningful explanations include: incomplete combustion of
magnesium due to not letting the reaction run long enough magnesium reacting with
something other than oxygen magnesium sample containing an impurity
A: All requirements are addressed in detail
B: Most requirements present with some detail
C: Some requirements addressed
A
B
C
Answer: A
Feedback : Possible errors and precautions taken to avoid errors are described in detail.
3. For Question 2: Was the empirical formula of magnesium oxide presented? Was
the empirical formula of magnesium oxide presented correct as MgO?
A: It was presented and is correct
B: It was not correct but is present
c: It is not present
A
B
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C
Answer: A
Feedback : Yes the correct formula is present.
4. Did the essay include a reasonable written description of how the empirical
formula of magnesium oxide was determined? For example, the explanation of how
the mass of oxygen was calculated from the experimental data should be included.
Were the calculation steps for empirical formula of magnesium oxide presented in
detail? Appropriate detail would include calculations of: masses of magnesium and
oxygen number of moles of magnesium and oxygen the simplest molar ratio of
magnesium to oxygen
A: All requirements are addressed in detail
B: Most requirements present with some detail
C: Some requirements addressed
A
B
C
Answer: A
Feedback : Student describes using before and after measurements to find the mass of
oxygen, student converted masses of both species into moles and found the ratio.
Description is detailed.
5. For question 3 the following requirements should be present: explanation of how
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to determine the test tube with the correct mole ratio, determination of mole ratio
from the contents of the test tube with both explanation and calculations, the
empirical formula of Zinc ferrocyanide (ok if not correct for this question).
A: All requirements are addressed in detail
Preview Assignment Page 3 of 10
http://cpr.molsci.ucla.edu/cpr/cpr/designer/activation/preview_all.asp?loginID=y11162&i
_... 3/23/2011
B: Most requirements present with some detail
C: Some requirements addressed
A
B
C
Answer: A
Feedback : Yes explanation of the observations leading to the correct combination was
detailed. Explanation and calculations are clear. The empirical
6. Was the empirical formula for zinc ferrocyanide correct? It is Zn3(Fe(CN)6)2
A: Correct
B: Present but not correct
C: Not present
A
B
C
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Answer: A
Feedback : Correct and present
7. Download the excel template for this assignment from here. Use the template to
plug in the student's data to see if the student calculated their result correctly.
Compare their result listed in their essay with the one you just calculated. Is the
result correct?
A: Result is correct or differs only slightly (may be from rounding error or sigfigs)
B: Result is incorrect but all necessary data is clearly displayed and the student may
have just performed a wrong calculation.
C: Student did not display enough data to use the template to get a result.
A
B
C
Answer: A
Feedback : Result and calculations are correct
8. Are the questions answered in paragraph format using complete sentences with
correct grammar? Is everything spelled correctly?
A: All requirements are addressed in detail
B: Most requirements present with some detail
C: Some requirements addressed
A
B
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C
Answer: A
Feedback : none
9. For all calculations: were the calculations steps shown in detail (work shown)? Is
every calculation explained in writing in addition to the work shown?
A: All calculations have explanations in writing and have calculation steps shown.
B: Most calculation steps are shown, explanation not present for every calculation
but some.
C: Little work shown and little to no explanation provided.
A
B
C
Answer: A
Feedback : All calculations are explained in words before they are performed.
Calculations steps are easy to follow
10. How would you rate this text?
10 Highest
9
8
7
6
5
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4
Preview Assignment Page 4 of 10
http://cpr.molsci.ucla.edu/cpr/cpr/designer/activation/preview_all.asp?loginID=y11162&i
_... 3/23/2011
Top
3
2
1 Lowest
Rating: 10
Feedback : Rating: 18*10/18=10
This essay meets or exceeds all requirements. It is written in detail and all calculations
and data manipulations are explained.
Mid Quality Calibration
1.In this experiment I believe it will be very difficult and near impossible to get to the
original mass of Magnesium (Mg) after adding water to it. I also predict that in the
second part of the experiment there will be no similar chemical in the test tubes. (Mixed
with potassium ferrocyanide) The colors will be different, the denser it gets, with the help
of the indicator; they will become darker and cloudier. The densities will clearly be
different escalating little by little indicated by color change.
2. The final empirical formula we got for the final product was Mg2O. We got this
formula by calculating the mass of the crucible+lid+product which ended up being
18.882g on the second trial. (The goal of this section was to get it to be relatively close
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to the first mass you acquired before adding in the water droplets from the pipette.) After
subtracting the mass of the empty crucible+cover from the mass of the
crucible+cover+Mg, we arrived at the mass of the Mg sample.
a) After knowing the basic information listed above, you can begin the process of finding
the empirical formula. We start by dividing he mass of the Mg sample (0.25 g) by 24
g/mol (the atomic mass of Mg) (0.25)g/(24 g/mol)RMM= 0.0104 mol b)Second I will
calculate how much O is left in the final product by subracting the initial mass weighed,
18.873g from the final mass of 18.882g/ Here we arrive at 0.009g. After this we will
divide 0.009 g by Oxygens RMM 16. 18.882g-18.873g= 0.009 0.009/16=0.0056 mol
c) Now that we have obtained our two answers of 0.0104 mol and 0.0056 mol we will
have to find the simplest ratios. We find this by dividing by the smallest number. #1
0.0140/0.0056=1.8, which rounds to approximately 2 #2 0.0056/0.0056= 1 Therefore the
simplest ratio comes out to 2:1 This indicates that for every two moles of magnesium
used there is one mole of oxygen needed. -->The product here is Mg2O
3. First let's write out the balanced equation for the reaction of Zinc Nitrate and
Potasssium Ferrocyanide. a)2 Zn(NO3)2 + K4Fe(CN)6 ----> Zn2 Fe(CN)6 + 4KNO3 For
now we will be looking only into the Zn2Fe(CN)6. (You reach this result by balancing
your equation.) Calculation of molar mass: Zn- 2 x 65.38 = 130.76 Fe- 1 x 55.85 = 55.85
C- 6 x 12.01 = 72.06 N- 6 x 14.01= 84.06
You will then need to divide the answers you just got by the smallest number to get the
simplest ratio. The smallest number/result is 55.85. Therefore Zn- 2 Fe- 1 C- 1 N- 2 The
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empirical formula is as follows Zn2Fe(CN)6
1. For question 1 the following should be present: hypothesis statement; data
supporting or not supporting the hypothesis and explanation; concluding
statements.
A: All requirements are addressed in detail
B: Most requirements present with some detail
C: Some requirements addressed
A
B
C
Answer: C
Feedback: Hypothesis statement is unclear, or is not present. Student talks about
densities of the zinc and ferrocyanide reaction which is not correct. No concluding
statements other than that.
2. For question 1: Was there a meaningful explanation presented for the potential
experimental error in determining the empirical formula? Did the essay include
steps that could be taken to avoid the same experimental error next time?
Examples of meaningful explanations include: incomplete combustion of
magnesium due to not letting the reaction run long enough magnesium reacting with
something other than oxygen magnesium sample containing an impurity
A: All requirements are addressed in detail
B: Most requirements present with some detail
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Preview Assignment Page 5 of 10
http://cpr.molsci.ucla.edu/cpr/cpr/designer/activation/preview_all.asp?loginID=y11162&i
_... 3/23/2011
C: Some requirements addressed
A
B
C
Answer: C
Feedback : No mention of experimental error
3. For Question 2: Was the empirical formula of magnesium oxide presented? Was
the empirical formula of magnesium oxide presented correct as MgO?
A: It was presented and is correct
B: It was not correct but is present
c: It is not present
A
B
C
Answer: B
Feedback : listed as Mg2O
4. Did the essay include a reasonable written description of how the empirical
formula of magnesium oxide was determined? For example, the explanation of how
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the mass of oxygen was calculated from the experimental data should be included.
Were the calculation steps for empirical formula of magnesium oxide presented in
detail?
Appropriate detail would include calculations of: masses of magnesium and oxygen
number of moles of magnesium and oxygen he simplest molar ratio of magnesium to
oxygen
A: All requirements are addressed in detail
B: Most requirements present with some detail
C: Some requirements addressed
A
B
C
Answer: A
Feedback : Description of method of finding the empirical formula was detailed.
Calculations are explained and calculation work is present and easy to follow
5. For question 3 the following requirements should be present: explanation of how
to determine the test tube with the correct mole ratio, determination of mole ratio
from the contents of the test tube with both explanation and calculations, the
empirical formula of Zinc ferrocyanide (ok if not correct for this question).
A: All requirements are addressed in detail
B: Most requirements present with some detail
C: Some requirements addressed
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A
B
C
Answer: C
Feedback : Student did not consider the combinations in the test tubes and just balanced
a reaction.
6. Was the empirical formula for zinc ferrocyanide correct? It is Zn3(Fe(CN)6)2
-2
A: Correct
B: Present but not correct
C: Not present
A
B
C
Answer: B
Feedback : Present no correct.
7. Download the excel template for this assignment from here. Use the template to
plug in the student's data to see if
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the student calculated their result correctly. Compare their result listed in their
essay with the one you just calculated. Is the result correct?
A: Result is correct or differs only slightly (may be from rounding error or sigfigs)
B: Result is incorrect but all necessary data is clearly displayed and the student may
have just performed a wrong calculation.
C: Student did not display enough data to use the template to get a result.
A
B
C
Answer: B
Feedback : Data is displayed but the student manipulated it in the wrong way.
8. Are the questions answered in paragraph format using complete sentences with
correct grammar? Is everything spelled correctly?
A: All requirements are addressed in detail
B: Most requirements present with some detail
C: Some requirements addressed
A
B
C
Answer: A
Feedback : none
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9. For all calculations: were the calculations steps shown in detail (work shown)? Is
every calculation explained in writing in addition to the work shown?
A: All calculations have explanations in writing and have calculation steps shown.
B: Most calculation steps are shown, explanation not present for every calculation
but some.
C: Little work shown and little to no explanation provided.
A
B
C
Answer: A
Feedback : All calculations are described
10. How would you rate this text?
10 Highest
9
8
7
6
5
4
3
2
1 Lowest
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Rating: 6
Feedback : Rating calculated as points scored multiplied by 10 over the total pts
possible(2 x # of questions) 10x10/18=5.55~6
The student had a detailed and correct explanation for determining the empirical formula
of magnesium oxide but was confused on how to write a hypothesis and conclusion and
also on how to determine the empirical formula of zinc ferrocyanide from the experiment.
Low Quality Calibration
1. An indicator was used to help determine the reaction for zinc and ferrocynide. It led to
physical colors that were documented and used in the results. The mangesium oxide was
made into a pure substance by carefully doing a combustion reaction. This required
repetition and the addition of water due to the uncontrollable force of nitrogen leaving the
compound while over the burner. The hypothesis therefore was supported in this
experiment. Errors occurred such as spilling a tiny amount of the magnesium oxide out
of the crucible while making it into a pure substance. This did not dramatically change
the results but did make it a bit more difficult to determine the pure substance in the end.
2. The empirical formula for Magnesium Oxide according to our data was Mg4O. This
was derived by using the amount of solutions
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These concentrations were determined by using M1V1=M2V2 The calculations are the
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number of moles of magnesium divided by the number of grams of oxygen. Then the
number of moles of magnesium are multiplied by 16 grams. These are then multiplied by
2 and 3.
3. The molecular weight must first be determined by multiplying the atomic masses of
each element by the number of each element in the reaction. These calculations are then
added to one another. The molar mass of this compound is 342.7674 g/mol.
Now we derive the formula by using M1V1=M2V2 to get the concentration
zinc ferrocyanide.
65.409x2 + 55.845 + (12.0107 + 14.0067)x6= 342.7674 g/mol
Empirical formula= Zn2Fe(CN)6
1. For question 1 the following should be present: hypothesis statement; data
supporting or not supporting the hypothesis and explanation; concluding
statements.
A: All requirements are addressed in detail
B: Most requirements present with some detail
C: Some requirements addressed
A
B
C
Answer: C
Feedback : Student's hypothesis is not clear. Concluding statements are not present or
are unclear. Statements about what happened in the experiment are not concluding
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statements.
2. For question 1: Was there a meaningful explanation presented for the potential
experimental error in determining the empirical formula? Did the essay include
steps that could be taken to avoid the same experimental error next time?
Examples of meaningful explanations include: incomplete combustion of
magnesium due to not letting the reaction run long enough magnesium reacting with
something other than oxygen magnesium sample containing an impurity
A: All requirements are addressed in detail
B: Most requirements present with some detail
C: Some requirements addressed
A
B
C
Answer: B
Feedback : One statement about experimental error is present, but their conclusions
about this statement are incorrect.
3. For Question 2: Was the empirical formula of magnesium oxide presented? Was
the empirical formula of
magnesium oxide presented correct as MgO?
A: It was presented and is correct
B: It was not correct but is present
c: It is not present
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A
B
C
Answer: B
Feedback: present, not correct
4. Did the essay include a reasonable written description of how the empirical
formula of magnesium oxide was determined?
For example, the explanation of how the mass of oxygen was calculated from the
experimental data should be included. Were the calculation steps for empirical
formula of magnesium oxide presented in detail?
Appropriate detail would include calculations of:
Masses of magnesium and oxygen number of moles of magnesium and oxygen
the simplest molar ratio of magnesium to oxygen
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A: All requirements are addressed in detail
B: Most requirements present with some detail
C: Some requirements addressed
A
B
C
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Answer: C
Feedback : Student attempted to explain how the formula was determined but was
confused on which part of the experiment the determination comes from. There is no
mention of weighing the product of magnesium. Explanation is incorrect
5. For question 3 the following requirements should be present: explanation of how
to determine the test tube with the correct mole ratio, determination of mole ratio
from the contents of the test tube with both explanation and calculations, the
empirical formula of Zinc ferrocyanide (ok if not correct for this question).
A: All requirements are addressed in detail
B: Most requirements present with some detail
C: Some requirements addressed
A
B
C
Answer: C
Feedback : Student again is confused on how to find the empirical formula. Explanation
is unclear and not correct.
6. Was the empirical formula for zinc ferrocyanide correct? It is Zn3(Fe(CN)6)2
-2
A: Correct
B: Present but not correct
C: Not present
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A
B
C
Answer: B
Feedback : Present but incorrect
7. Download the excel template for this assignment from here. Use the template to
plug in the student's data to see if the student calculated their result correctly.
Compare their result listed in their essay with the one you just calculated. Is the
result correct?
A: Result is correct or differs only slightly (may be from rounding error or sigfigs)
B: Result is incorrect but all necessary data is clearly displayed and the student may
have just performed a wrong calculation.
C: Student did not display enough data to use the template to get a result.
A
B
C
Answer: C
Feedback : Missing data for question 2
8. Are the questions answered in paragraph format using complete sentences with
correct grammar? Is everything
spelled correctly?
A: All requirements are addressed in detail
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B: Most requirements present with some detail
C: Some requirements addressed
A
B
C
Answer: B
Feedback : Several run on sentences and spelling mistakes
9. For all calculations: were the calculations steps shown in detail (work shown)? Is
every calculation explained in writing in addition to the work shown?
A: All calculations have explanations in writing and have calculation steps shown.
B: Most calculation steps are shown, explanation not present for every calculation
but some.
C: Little work shown and little to no explanation provided.
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A
B
C
Answer: B
Feedback : Calculations were incorrect but there is explanations and some work shown.
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10. How would you rate this text?
10 Highest
9
8
7
6
5
4
3
2
Lowest
The following are some questionnaire statements in assessing writing skills:
1. Peer review processes in CPR helped increase my writing skill.
2. My reviews of my peers‟ papers in CPR were helpful to me in learning how other
students organize their points in writing.
3. My reviews in CPR of my peers‟ papers enabled me to identify errors in spelling.
4. Comments from my peer reviewers from CPR of my papers were helpful in writing
chemistry reports.
5. Comments provided by my peer reviews in CPR of my papers were helpful to me for
identifying proper use of chemistry terms.
6. Comments provided by my peer reviewers from CPR of my papers were beneficial to
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me such that it is unlikely I will commit the same mistakes in the future.
7. Learning through multiple exposures to the assignment-related material has helped
my writing skills.
The following are questionnaire statements in assessing critical thinking skills:
1. The peer review process in CPR helped me to develop critical thinking skills.
2. My reviews in CPR of my peers‟ papers required careful reading and in the process I
developed critical thinking skills.
3. The comments written by my peer reviews provided me an opportunity to engage in
conceptual understanding.
4. The comments written by my peers‟ reviews from CPR pressured me to be
responsible about reading the content.
5. Comments provided by my peers‟ reviews from CPR pressured me to think critically
during my assignment writing.
6. Comments from my peers‟ reviewers from CPR have provided me a sense of
accountability and active learning.
7. Critiquing peers‟ enhances my self-critique and promotes realistic self-assessment.

The following are questionnaire statements in assessing values of using CPR:
1. The calibrated peer review (CPR) program is the best and most convenient tool to use
in submitting CHEM 123L assignments.
2. The CPR program enables high levels of interaction between students themselves as
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3. Using the CPR program helped me to identify and fill in knowledge gaps in my skill
and abilities.
4. Through using CPR one can significantly improve writing skills.
5. The CPR program saves time and has provided me the chance to build my self
confidence in writing scientific reports.
6. Using the CPR program in doing my assignments has promoted higher orders of
thinking abilities.
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